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Continuous  Reinforcement  in  Concrete  Pavement 


A  Cooperative  Investigation  by  the 
Bureau  of  Public  Roads  and  the 
Indiana  State  Highway  Commission 


Concrete  pavements,  unless  constructed  with  closely  spaced  transverse  joints, 
generally  crack  transversely  at  frequent  intervals.  These  cracks  tend  to  open 
appreciably  with  time  unless  the  pavement  is  reinforced.  For  some  years  there 
has  been  a  continued  interest  on  the  part  of  highway  engineers  regarding  the 
practicability  of  concrete  pavements  constructed  without  transverse  joints  and 
reinforced  longitudinally  with  continuous  bonded  steel  in  sufficient  amount  to 
hold  all  cracks  closed. 

In  the  fall  of  1938  a  considerable  number  of  continuously  reinforced  sections, 
ranging  from  20  to  1,310  feet  in  length,  were  constructed  near  Stilesville,  Indiana, 
on  U  S  40  as  a  cooperative  research  project  to  study  the  effects  of  varying  amounts 
of  longitudinal  steel  in  sections  of  various  lengths. 

The  behavior  of  the  sections  during  the  first  10  years  of  service  life  conclusively 
shows  that  continuous  reinforcement  can  be  depended  upon  to  prevent  the 
opening  of  transverse  cracks  in  concrete  pavements.  In  the  long,  heavily  rein- 
forced sections  many  fine  cracks  have  developed  in  the  central  region.  These 
cracks  have  not  opened  and  have  raveled  only  slightly  with  traffic  and  exposure, 
a  condition  that  has  required  no  maintenance  and  may  be  considered  superficial. 
The  sections  have  remained  strong,  durable  structural  units. 

The  presence  of  even  the  heaviest  longitudinal  bar  reinforcement  has  appar- 
ently not  affected  adversely  the  condition  of  the  concrete  in  the  pavement.  The 
concrete  appears  to  be  sound  throughout,  there  has  been  no  spoiling,  and  there 
is  a  complete  absence  of  longitudinal  cracking  above  the  bars.  In  fact,  the 
manner  in  which  the  steel  has  held  closed  all  cracks,  especially  those  in  the  more 
heavily  reinforced  sections,  is  believed  to  have  been  conducive  to  distributed 
interfacial  pressure  at  the  cracks  which  should  lend  to  minimize  damage  to  the 
concrete  from  concentrations  of  pressure  such  as  sometimes  develop  at  cracks 
in  plain  concrete  pavements. 

Pumping  has  developed  at  many  of  the  transverse  joints  but,  with  two  excep- 
tions, has  not  been  obseri^ed  at  any  of  the  vast  number  of  transverse  cracks. 
This  indicates  that  a  concrete  pavement  without  transverse  joints  and  containing 
adequate  longitudinal  reinforcement  is  not  nearly  so  susceptible  to  pumping  as 
pavements  of  other  designs. 

In  spite  of  the  many  transverse  cracks  that  have  developed  in  the  long  sections, 
the  riding  quality  of  the  pavement  has  remained  excellent  and  the  pavement 
itself  has  been  protected  from  damaging  impact  forces  such  as  tend  to  develop 
where  the  surface  alinement  is  not  maintained. 


SINCE  1938  the  Bureau  of  Public  Roads 
and  the  State  Highway  Commission 
of  Indiana  have  cooperated  in  making  de- 
tailed observations  of  an  experimental  concrete 
pavement  containing  a  wide  range  of  con- 
tinuously reinforced  sections.  Three  pub- 
lished reports  '  have  described  the  scope  of 
the  study,  the  construction  of  the  project, 
and  the  observed  behavior  of  the  pavement 
during    the    first    5    years    of    service.     The 


1  Experiments  with  continuous  reinforcement  in  concrete 
pavements,  by  E.  C.  Sutherland  and  S.  W.  Benham;  Public 
Roads,  vol.  20,  No.  1 1,  Jan.  1940;  Progress  in  experiments  with 
continuous  reinforcement  in  concrete  pavements,  by  H.  D. 
Cashell  and  S.  W.  Benham;  Public  Roads,  vol.22,  No.  3, 
May  1941;  and  Experiments  with  continuous  reinforcement  in 
concrete  pavtment—A  five-year  history,  by  H.  D.  Cashell  and 
S.  W.  Benham;  Proceedings  of  the  Highway  Research 
Board,  vol.  23,  1943  (condensed). 


present  report,  which  may  be  considered  the 
major  report  of  the  investigation,  describes 
the  performance  of  the  various  sections  over 
a  period  of  10  years.  Although  previously 
published  information  is  avoided  as  much  as 
possible,  certain  essential  data  are  repeated 
here  for  both  clarity  and  completeness  of  the 
report. 

The  experimental  pavement  is  a  9-7-9-inch 
thickened-edge  type,  20  feet  wide  and  approxi- 
mately 6  miles  long.  It  is  located  near 
Stilesville,  about  30  miles  west  of  Indian- 
apolis, and  was  constructed  during  September 
and  October  of  1938  as  part  of  the  eastbound 
lanes  of  the  divided  highway  U  S  40. 

Traffic  counts  indicated  an  average  annual 
daily  volume  (in  both  directions)  of  3,500 
vehicles  in   1941  when  the  pavement  was  3 
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years  old.  Of  these,  1,125  were  trucks  and 
busses,  the  maximum  daily  gross  load  being 
at  least  48,000  pounds.  In  1948,  when  the 
pavement  had  been  in  service  for  10  years,  the 
average  annual  daily  traffic  volume  had 
increased  to  5,100  vehicles,  trucks  and  busses 
comprising  1,280  of  the  total.  At  this  time 
the  maximum  daily  gross  and  axle  loads  were 
at  least  51,000  and  20,400  pounds,  respec- 
tively. 

Briefly,  the  experimental  pavement  consists 
of  sections  ranging  in  length  from  20  to  1,310 
feet.  Incorporated  in  these  sections  are 
various  amounts  of  steel  for  each  of  three 
types  of  reinforcement.  The  number  and 
range  in  length  of  the  individual  sections, 
together  with  pertinent  data  on  the  reinforc- 
ing steel  used  in  each,  are  given  in  table  1 
{p.  4) .  The  lengths  of  the  sections  necessary 
to  develop  the  steel  stresses  shown  in  the 
table  were  calculated  on  the  basis  of  certain 
assumptions  as  to  the  resistance  offered  by 
the  subgrade  as  the  pavement  expands  and 
contracts.  It  was  assumed  that  the  resistance 
would  be  constant  and  could  be  expressed  as  a 
coefficient  equal  to  1}&  times  the  weight  of  the 
pavement 

The  maximum  steel  stresses  were  intended 
to  be  such  that  the  elastic  limit  of  the  rein- 
forcement would  be  approached  in  the  longest 
section  of  each  group,  producing,  under 
repeated  stressing,  inelastic  elongation  with  a 
consequent  opening  of  the  cracks. 

Since  a  wide  range  in  slab  end  movements 
was  expected  in  the  sections  of  various  lengths, 
several  different  widths  of  transverse  joint 
opening  were  provided.  The  shorter  sections 
were  separated  by  conventional  dowel-type 
joints  having  widths  of  either  s/a  or  1  inch. 
A  joint  of  a  type  similar  to  that  frequently 
used  at  bridge  approaches,  and  designed  to 
permit  a  1^-inch  movement  in  each  direction, 
was  placed  between  intermediate-length  sec- 
tions; whereas  for  the  longer  sections  provision 
was  made  for  approximately  twice  this  amount 
of  movement  by  means  of  a  pair  of  the  bridge- 
type  joints  spaced  10  feet  apart. 

In  addition  to  the  regular  sections  of  the 
experimental  pavement — that  is,  the  sections 
containing  continuously  bonded  steel — four 
special  sections  each  500  feet  long  were  in- 
cluded. In  these,  weakened-plane  joints  were 
spaced  at  10-foot  intervals  and  the  bond 
between  the  longitudinal  steel  and  the  con- 
crete was  broken  purposely  for  a  distance  of 
18  inches  on  each  side  of  each  transverse  joint. 
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CONCLUSIONS 

In  this  report  the  performance  of  the  con- 
tinuously reinforced  sections  is  traced  through 
the  first  10  years  of  pavement  life.  The  fol- 
lowing statements  give  what  appear  to  be  the 
most  significant  conclusions  to  be  drawn  from 
the  results  of  this  investigation. 

Changes  in  Elevation  and  Length 

1.  Changes  in  pavement  elevation  were 
generally  small  and  nonuniform,  the  lack  of 
uniformity  becoming  progressively  more  pro- 
nounced, especially  during  the  first  5  years  of 
service.  The  effect  of  these  nonuniform  ele- 
vation changes  was  not  apparent  in  either  the 
length  changes  or  the  crack  patterns  of  the 
sections;  but,  as  would  be  expected,  was 
reflected  in  the  riding  quality  of  the  pavement. 

2.  Because  of  the  wide  range  in  section 
lengths  an  opportunity  was  afforded  to  study 
the  effect  of  subgrade  resistance  as  related  to 
slab  movement.  The  most  important  con- 
clusions are:  (a)  excepting  the  very  short 
sections,  the  daily  and  annual  changes  in 
section  lengths  are  not  directly  proportional 
to  length  of  section;  (b)  the  magnitude  of  the 
restraint  offered  by  the  subgrade  is  a  function 
of  the  time  during  which  a  given  temperature 
or  moisture  change  in  the  pavement  takes 
place;  (c)  for  subgrade  soil  of  the  type  on 
which  the  experimental  pavement  was  con- 
structed, it  is  estimated  that,  during  the  rela- 
tively rapid  daily  length  change,  the  central 
region  of  sections  greater  than  approximately 
800  feet  will  be  in  a  state  of  complete  restraint; 
whereas  for  the  slowly  developed  annual  length 
change,  the  central  region  of  sections  some- 
what greater  in  length  than  the  longest  section 
(1,310  feet)  of  this  investigation  will  be  com- 
pletely restrained;  and  (d)  for  sections  of 
lengths  included  in  this  investigation,  the 
data  suggest  that  tensile  stresses  induced  by 
subgrade  resistance  are  probably  larger  during 
the  fall  than  at  any  other  period  during  the 
year. 

3.  Length  changes  of  a  progressive  or  per- 
manent  nature   developed   in   sections   of   all 


lengths.  Jn  the  short  sections  containing 
comparatively  few  cracks,  it  appeared  that, 
repeated  cycles  of  moisture  and  temperature 
were  primarily  responsible  for  such  changes. 
In  the  longer  sections,  the  tendency  of  the 
transverse  cracks  to  open  progressively  a  very 
small  amount  was  an  additional  factor  con- 
tributing to  permanent  increases. 

Development  of  Cracks 

4.  Transverse  cracks  in  the  experimental 
sections  formed  essentially  at  right  angles  to 
the  axis  of  the  pavement.  The  surface  widths 
of  these  cracks  because  of  slight  raveling  be- 
came, in  time,  much  greater  than  their  real 
widths.  For  a  given  computed  maximum 
steel  stress  both  the  surface  widths  and  the 
real  widths  of  the  cracks  increased  approxi- 
mately directly  with  a  decrease  in  the  percent- 
age of  longitudinal  reinforcement.  In  the 
heavily  traveled  lane,  after  10  years  of  serv- 
ice, the  average  values  of  the  real  width  of 
the  cracks  (obtained  in  the  fall  of  the  year  in 
the  central  region  of  the  longest  section  for 
each  percentage  of  reinforcing  steel)  ranged 
from  0.004  inch  for  the  section  with  1.82  per- 
cent, steel  to  0.011  inch  for  the  section  with 
0.45  percent  steel.  Likewise,  the  average 
surface  widths  of  the  same  cracks  ranged  from 
0.05  to  0.10  inch. 

5.  The  rate  of  crack  development,  was  most 
pronounced  during  the  early  life  of  the  pave- 
ment, the  greatest  rate  being  between  spring 
and  fall  of  the  first  year  after  construction. 
On  the  basis  of  all  transverse  cracks  that  de- 
veloped during  the  10-year  service  period,  67 
percent  had  appeared  by  the  end  of  the  first 
year.  Very  few  cracks  formed  during  the 
winter  months,  indicating  that,  nonuniform 
changes  in  pavement  elevation  caused  by 
frost  penetration  had  little  influence  upon 
cracking;  and,  also,  that  tensile  stresses  origi- 
nating from  subgrade  resistance  were  no 
greater  during  winter  periods  than  during  the 
fall  periods. 

6.  The  study  of  crack  development  indi- 
cated that  the  average  interval  between  trans- 


Installing  one-fourth  inch  diameter  longitudinal  bar  reinforcing  steel. 


verse  cracks  (average  slab  length)  increased 
with  an  increase  in  section  length  until  a  peak 
value  was  reached,  beyond  which  there  was  a 
rapid  decrease  in  average  slab  length  that  be- 
came more  gradual  and  finally  approached  a 
constant  value  for  the  longer  sections.  If  one 
were  interested  only  in  the  minimum  number 
of  transverse  cracks  and  joints,  the  data  sug- 
gest that,  in  reinforced  concrete  pavements, 
the  joints  should  be  spaced  at  approximately 
100-foot  intervals.  It  must  be  kept  in  mind, 
however,  that  this  investigation  most  con- 
clusively shows  that  the  character  and  not  the 
number  of  cracks  is  of  the  gi eater  importance. 
In  the  longer  and  consequently  more  heavily 
reinforced  sections,  many  fine  cracks  have  de- 
veloped at  frequent  intervals  but  these  sections 
have  continued  to  be  strong,  durable  structural 
units  after  10  years  of  heavy  traffic  service. 

7.  The  frequency  of  cracking  increased  from 
a  minimum  value  at  the  end  of  a  section  to  a 
maximum  value  in  the  central  area.  For  some 
distance,  beginning  at  the  end  of  the  longer 
sections,  the  frequency  of  cracking  increased 
directly  with  increase  in  distance.  The  maxi- 
mum values  of  crack  frequency,  as  found  in 
the  central  area  of  the  sections,  increased  pro- 
gressively with  increase  in  section  length.  It 
seems  reasonable  to  assume  that  such  values 
would  continue  to  increase  until  the  sections 
are  long  enough  to  develop  complete  restraint 
to  slab  movement.  The  10-year  data  suggest 
that,  for  the  conditions  obtaining  in  this  in- 
vestigation, the  crack  interval  in  the  region  of 
complete  restraint  might  be  expected  to  be 
approximately  2.0  to  2.5  feet  provided,  of 
course,  that  the  reinforcement  was  adequate. 

8.  Repetition  of  traffic  loads  had  only  a 
slight  influence  on  the  development  of  trans- 
verse cracks.  At  the  end  of  10  years  53  per- 
cent of  the  transverse  cracks  present  in  both 
lanes  of  the  pavement  formed  in  the  heavily 
traveled  right-hand  lane.  However,  the 
greater  volume  of  traffic  using  the  right-hand 
lane  produced  more  raveling  and  other  super- 
ficial damage  to  the  edges  of  the  cracks  than 
the  lighter  traffic  on  the  left  or  passing  lane, 
the  average  surface  width  of  cracks  in  the 
heavily  traveled  lane  being  approximately 
three  times  that  of  the  cracks  in  the  passing- 
lane.  Traffic  had  some  effect,  also,  on  the 
real  widths  of  the  cracks,  this  being  less 
pronounced  than  in  the  case  of  the  surface 
widths. 

Effect  of  Reinforcement 

9.  All  sections  were  so  conservatively  de- 
signed that  the  limiting  length  of  section  for 
each  percentage  of  longitudinal  steel  was  not 
determined. 

10.  Longitudinal  steel  reinforcement,  within 
the  range  of  the  computed  maximum  stress 
values  of  this  investigation,  held  closed  all 
cracks  excepting  those  in  the  sections  rein- 
forced with  the  32-pound  wire  fabric.  In 
several  cases  the  steel  crossing  the  cracks  that 
formed  in  the  sections  containing  this  light 
fabric  broke,  probably  from  shearing  forces. 
It  is  indicated  that  wire  fabric  as  light  as  32 
pounds  per  100  square  feet  should  be  used 
with  caution  as  reinforcement  in  concrete 
pavements. 
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11.  The  presence  of  the  heavy  longitudinal 
bar  reinforcement  was  not  in  any  way  detri- 
mental to  the  condition  of  the  concrete  in  the 
pavement,  as  attested  by  the  complete  absence 
of  longitudinal  cracking  above  such  bars  and 
by  the  continued  durability  of  the  concrete. 
In  fact,  the  manner  in  which  the  steel  held 
closed  all  cracks,  especially  those  in  the 
heavily  reinforced  sections,  is  believed  to  be 
conducive  to  distributed  interfacial  pressure 
and  should  minimize  damage  of  the  concrete 
from  concentrated  pressure  such  as  sometimes 
develops  at  cracks  in  plain  concrete  pave- 
ments. 

12.  The  type  of  reinforcement  had  only  a 
slight  effect  on  the  observed  length  changes 
of  the  sections  or  on  the  frequency  of  cracking 
in  the  central  portion  of  long  sections;  but, 
for  some  unknown  reason,  the  reinforcement 
type  seems  to  have  had  considerable  influence 
on  the  average  interval  between  cracks  in 
sections  of  300  feet  or  less  in  length.  On  the 
other  hand,  the  working  stresses  within  the 
range  of  the  computed  maximum  values 
exercised  no  significant  control  over  the  length 
changes  and  crack  patterns  of  the  sections, 
probably  because  of  the  conservative  design 
assumptions. 

13.  Heavy  reinforcement  caused  the  length 
changes  and  crack  patterns  of  the  sections  to 
be  quite  symmetrical  about  the  center  of  each 
section,  thus  indicating  a  structure  of  pre- 
dictable behavior. 

The  Special  Sections 

14.  In  the  four  special  500-foot  sections, 
containing  warping  joints  at  10-foot  intervals, 
certain  inherent  weaknesses  developed  during 
the  10  years  of  traffic  service.  These  weak- 
nesses point  out,  first,  the  necessity  of  provid- 
ing the  warping  joints  with  load-transfer  or 
shear  units;  and,  second,  the  need  of  a  heavier 
wire  fabric  than  45  pounds  per  100  square  feet. 
In  the  halves  of  the  sections  provided  with 
shear  bars  and  containing  the  91-pound  fabric, 
the  steel  did  not  break  or  inelastically  elongate 
and  the  pavement  remained  structurally  in- 
tact, the  riding  quality  of  these  halves  being 
nearly  the  same  as  that  of  sections  reinforced 
with  continuously  bonded  steel. 

15.  During  periods  of  contraction,  the  con- 
tinuous reinforcement  in  the  500-foot  special 
sections  exercised  considerable  control  over 
the  length  changes  of  the  section  as  a  whole. 
In  spite  of  the  continuity  of  the  reinforcement, 
however,  the  warping  joints  opened  progres- 
sively with  time.  This  behavior  is  definitely 
undesirable  since  a  residual  opening  of  the 
joints  would  dissipate  all  or  part  of  the  elastic 
elongation  of  the  36  inches  of  unbonded  steel 
and,  in  time,  may  cause  failure  of  the  relatively 
lightweight  reinforcement.  A  corrective  mea- 
sure for  the  preceding  condition  would  be  to 
decrease  the  amount  of  available  expansion 
space. 

Pumping  and  Pavement  Smoothness 

16.  Pumping  developed  at  many  expansion 
joints,  but,  with  two  exceptions,  was 
completely  absent  at  the  vast  number  of 
transverse  cracks.  This  is  evidence  of  the 
effectiveness  of  the  reinforcing  steel  in  holding 
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tightly  together  the  segments  of  the  sections, 
thus  reducing  slab  deflections  and  minimizing 
the  passage  of  free  water  to  the  subgrade  soil. 
The  absence  of  pumping  at  the  submerged- 
type  warping  joints  of  the  special  sections 
indicated  that  the  copper  seals  which  envel- 
oped the  bottom  parting  strips  prevented  the 
leakage  of  free  water  to  the  subgrade  soil. 

17.  Relative  roughness  determinations  of 
the  regular  sections  showed  that  their  surfaces 
were  very  smooth  initially,  and  at  present  are 
no  rougher  than  some  concrete  pavements  as 
constructed.  The  many  fine  cracks  that 
formed  in  the  long  sections  have  not  affected 
the  riding  quality  of  the  pavement.  The 
sections  containing  warping  joints  at  10-foot 
intervals  were  as  smooth  initially  as  the  regular 
sections  indicating  that,  with  proper  care  dur- 
ing installation  and  finishing,  closely-spaced 
warping  joints  need  not  affect  the  initial 
riding  quality  of  concrete  pavements.  How- 
ever, where  certain  weaknesses  have  devel- 
oped, such  as  faulting  of  the  joints,  these 
special  sections  have  become  much  rougher 
than  the  regular  sections. 

Economic  Benefits 

The  performance  of  the  Indiana  experi- 
mental sections  has  indicated  certain  economic 
benefits  to  be  derived  from  long,  continuously 
reinforced  pavement  of  the  type  included  in 
this  investigation,  namely:  (1)  the  fine  cracks, 
even  though  frequent,  ravel  only  slightly 
with  traffic  and  exposure,  a  condition  that 
may  be  considered  superficial  and  one  that 
will  require  no  maintenance;  (2)  except  in 
localized  areas  of  extremely  poor  subgrade, 
pumping  will  not  develop,  thus  minimizing 
the  need  for  base  courses  or  other  expensive 
subgrade  treatments;  and  (3)  the  riding  qual- 
ity of  the  pavement  might  be  expected  to 
remain  excellent  and  the  pavement  itself 
would  be  protected  from  damaging  impact 
forces  such  as  frequently  develop  at  faulted 
joints  and  cracks. 

More  recently,  other  researches  relating  to 
the  use  of  continuously  bonded  longitudinal 


reinforcement  have  been  inaugurated.2  The 
experimental  sections  in  these  pavements  are 
all  longer  than  the  longest  section  of  the 
Stilesville  experimental  pavement  and  are  less 
heavily  reinforced.  Sections  of  various  thick- 
nesses, reinforced  with  various  percentages  of 
longitudinal  steel,  and  constructed  both  with 
and  without  subbases,  are  included.  While 
the  pavements  have  not  been  in  service  long 
enough  to  permit  conclusions  to  be  drawn,  it 
seems  probable  that  eventually  they  will 
provide  considerable  additional  data  on  the 
relative  economies  of  continuously  reinforced 
pavements  and  those  which  are  designed  as  a 
series  of  comparatively  short,  independent 
slabs. 

Thus,  it  is  possible  that,  when  all  factors  are 
considered,  a  concrete  pavement  without 
joints  and  reinforced  with  continuous  bonded 
steel  in  sufficient  amount  to  resist  all  stresses 
safely  and  to  hold  all  cracks  closed  may,  in 
many  cases,  cost  no  more  than  current  de- 
signs of  concrete  pavement  which  include 
greater  slab  thickness,  lighter  reinforcement, 
transverse  joints,  and  subgrade  treatment. 

SCOPE  OF  DISCUSSION 

The  discussion  of  the  10-year  performance 
of  the  pavement  is  presented  in  six  parts,  as 
follows:  (1)  Periodic  elevation  changes  of  the 
regular  sections;  (2)  daily,  animal,  and  pro- 
gressive changes  in  the  length  of  the  regular 
sections;  (3)  development,  distribution,  and 
present  condition  of  cracks  in  the  regular 
sections;  (4)  behavior  of  the  500-foot  special 
sections;  (5)  occurrence  of  pumping;  and  (6) 
smoothness  of  the  pavement.  Pertinent  .hit:) 
on  the  pavement  sections  and  the  reinforcing 
steel  in  them  are  given  in  table  1. 


2  Continuously  reinforced  concrete  pavements  without  joints, 
by  W.  R.  Woolley;  Preliminary  report  on  current  experiment 
tnth  continuous  reinforcement  in  New  Jersey,  by  W.  Van 
Breemen;  and  An  experimental  continuously  reinforced  con- 
crete pavement  in  Illinois,  by  H.  W.  Russell  and  .1.  D.  Lind- 
say; Proceedings  of  the  Highwaj  Research  Board,  vol.  27. 
1947. 
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Table  1.— Details  of  reinforcement  in  the  experimental  pavement 


Num- 
ber of 
sections 
for  each 
length  i 

Length  of 
each  section 2 

Calculated 

maximum 

stress  in 

steel 

Weight  of 
reinforce- 
ment 

Reinforcement  size  and  spacing 

Percentage 
of  longi- 
tudinal 
steel  * 

Average  tensile  strength 
of  longitudinal  steel 

Longitudinal 

Transverse 

Yield  point 

Ultimate 

Diameter » 

Spacing, 
c.  to  c. 

Diameter  3 

Spacing, 
c.  to  c. 

Feet 

Lb.  per 
sq.  in. 

Lb.  per 
100  sq.ft. 

Inches 

Inches 

Percent 

Lb.  per 
sq.  in. 

Lb.  per 
sq.  in. 

Rail-Steel  Baes  (Deformed) 

2 
4 
4 
6 
6 

f           600 
J            840 
|         1, 080 
I        1, 320 
f           340 

470 
1            610 
I            740 
(            150 
J            210 
|            270 
I           330 
f              80 

120 
1            150 

180 

f              40 

50 

60 

I              80 

25, 000 
35, 000 
45, 000 
55, 000 
25,  000 
35,  000 
45,  000 
55,  000 
25,  000 
35,  000 
45,  000 
55,000 
25,  000 
35, 000 
45,  000 
55,  000 
25,  000 
35,  000 
45,  000 
55,  000 

1-inch 

6 
6 
6 
6 
6 

H-inch 

24 
24 
24 
24 
12 

1.82 
1.02 
.45 
.26 
.11 

63, 300 
64,400 
68,800 
66,  700 
60, 300 

113, 200 
113,300 
115,300 
93, 600 
84, 600 

%-inch 

M-inch  .. 

J^-inch .    ... 

H-inch 

%-inch 

%-inch  ..    

}^-inch 

Jf-inch 

Billet-Steel  Bars  (Deformed),  Intermediate  Grade 

2 

4 
4 
6 
6 

f           360 

600 

840 

I        1, 080 

200 

1             340 

470 

610 

|              90 

150 

210 

[           270 

(              50 

80 

120 

[            150 

20 

40 

50 

60 

15,  000 
25,  000 
35,  000 
45,  000 
15,  000 
25,  000 
35,  000 
45,  000 
15,  000 
25,000  ' 
35,  000 
45,  000 
15,000 
25,  000 
35,  000 
45,  000 
15,000 
25,  000 
35, 000 
45,  000 

1-inch. 

6 
6 
6 
6 
6 

}^-ineh      

24 
24 
24 
24 
12 

1.82 
1.02 
.45 
.26 
.11 

46, 900 
49, 100 
51,400 
55,  500 
56, 900 

78, 000 
78,  500 
78, 600 
81, 900 
77, 300 

M-inch 

H-inch 

M-ineh .._ 

%-inch ... 

3-^-inch... 

?-8-inch 

J4-inch 

J4-ineh 

Wire  Fabric  (Cold-Drawn  Wires) 

6 
6 
6 
6 
6 
6 

140 
190 
250 
310 
90 
130 
170 
200 
80 
110 
140 
170 
60 
80 
100 
120 
30 
50 
60 
80 
20 
30 
40 
50 

25,  000 
35,  000 
45,  000 
55,  000 
25.  000 
35,  000 
45,  000 
55,  000 
25.  000 
35, 000 
45.  000 
55, 000 
25,  000 
35, 000 
45,  000 
55.  000 
25.  000 
35,  000 
45,  000 
55,  000 
25,  000 
35,  000 
45,  000 
55,  000 

|          149 
f          107 
91 
65 
45 
32 

No.  0000. 

4 
6 
6 
6 
6 
.6 

No.  3      

12 
12 

12 
12 
12 
12 

.42 
.28 
.24 
.17 
.11 
.07 

81, 800 
80, 300 
89, 100 
83,  700 
81, 000 
88, 700 

No.  0000 

No.  000. 

No.  3 

No.  4.... 

No.  0.... 

No.  3 

No.  6 

No.  6... 

No.  6 

No.  6 

i  The  term  "section"  as  used  in  this  report  refers  to  a  lane  or  10-foot  width  of  pavement;  thus  the  number  "2"  indicates  a  pair  of  sections,  one  being  on  each  side  of  the  center  joint. 
1  The  lengths  of  the  longer  sections  are  nominal  lengths  and  may  be  either  5  or  10  feet  greater  than  the  actual  length  in  cases  where  a  pair  of  bridge-type  joints  were  installed. 
3  The  rail-steel  and  billet-steel  reinforcement  were  round  bars.     The  diameters  of  the  wires  in  the  fabric  were  as  follows:  No.  0000,  0.3938  inch;  No.  000,  0.3625  inch;  No.  0, 0.3065  inch;  No  3, 
0.2437  inch;  No.  4,  0.2253  inch;  No.  6.  0.1920  inch. 

1  Cross-sectional  area  of  the  longitudinal  steel  expressed  as  a  percentage  of  the  cross-sectional  area  of  the  concrete  slab. 


Part  1.— PERIODIC  ELEVATION 
CHANGES 

Three  sets  of  precise  elevation  measurements 
have  been  made  over  the  entire  length  of  the 
experimental  pavement:  In  the  late  fall  of 
1938  or  shortly  after  construction  of  the 
sections;  in  the  fall  of  1939  or  approximately  1 
year  after  construction;  and  in  the  severe  win- 


ter of  1939-40  when  the  frost  had  penetrated 
the  ground  to  a  depth  of  about  20  inches.  In 
addition,  during  the  first  5  years,  elevation 
measurements  were  made  at  more  frequent 
intervals  over  selected  sections.  All  such 
measurements  were  made  on  reference  points 
installed  in  the  right-hand  or  heavily  traveled 
lane  of  the  pavement. 

At  the  end  of  the  first  year  the  majority  of 


the  elevation  changes  were  very  small. 
Specifically,  only  7  percent  of  the  487  midlane 
locations  at  which  measurements  were  made 
showed  a  change  in  elevation  greater  than  one- 
fourth  inch  when  compared  with  the  base 
elevations  established  soon  after  construction. 
During  the  peak  of  the  severe  winter  of 
1939-40  increases  in  elevation  were  generally 
within  the  range  of  0.2  to  1.0  inch  as  compared 
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rgg>—  SECTION   LENGTH -FEET 
(T>—  SOIL  SAMPLE 


SOIL  SAMPLE  NO. 

1 

2 

3 

4 

5 

6 

7 

8 

SILT-  PERCENT 

38 

43 

60 

58 

63 

39 

46 

43 

CLAY— PERCENT 

16 

18 

18 

18 

13 

12 

19 

18 

LIQUID  LIMIT 

32 

34 

36 

37 

43 

28 

35 

29 

PLASTICITY    INDEX 

14- 

II 

12 

12 

19 

II 

14 

II 

SOIL  SAMPLE  NO. 

1 

2 

3 

4 

5 

6 

7 

8 

MOISTURE  CONTENT— PERCENT 

0-3  INCH  DEPTH 

16.0 

1 1.0 

13.6 

11.5 

12.9 

19.2 

16.8 

as 

3-12  INCH  DEPTH 

18.0 

13.0 

18.0 

14.6 

15.8 

13.5 

18.7 

1 

15.7 

12-24  INCH  DEPTH 

18.0 

19.0 

18.0 

13.1 

20.9 

13.5 

19.6 

12.8 

Figure  1.— Changes  in  elevation  of  selected  sections  at  the  end  of  the  first  and  fifth  years  of  pavement  life,  and  physical  characteristics 

of  the  sub  grade  soil  at  the  time  the  pavement  was  placed. 


with  the  elevations  determined  the  previous 
fall.  It  was  observed  also,  in  most  instances, 
that  heaving  was  greater  at  the  expansion 
joints  than  at  points  elsewhere  in  the  sections, 
averaging  0.47  inch  at  151  expansion  joints 
and  0.33  inch  at  185  points  elsewhere  in  the 
sections.  These  data  emphasize  the  impor- 
tance of  tightly  sealed  joints  in  pavements 
exposed  to  freezing  conditions. 

Examples  of  typical  changes  in  pavement 
elevation  are  shown  in  figures  1  and  2. 

The  elevation  changes  in  figure  1  are  those 
observed  on  selected  sections  in  the  fall  at  the 
end  of  the  first  and  fifth  years  of  pavement 
life,  using  as  a  base  the  elevations  established 
shortly  after  construction.  Subgrade  soil  data 
applicable  at  the  time  the  pavement  was 
placed  are  also  given  in  this  figure. 

The  data  of  figure  1  indicate  that  the  eleva- 
tion changes  at  the  end  of  5  years  were 
appreciably  greater  in  magnitude  and  were 
less  uniform  than  at  the  end  of  the  first  year. 


The  greatest  change  was  a  settlement  of  0.8 
inch  near  the  center  of  the  830-foot  section. 
However,  measurements  taken  in  this  area  at 
the  end  of  10  years  showed  virtually  no  change 
with  respect  to  the  5-year  profile. 

Figure  2  shows  the  changes  in  elevation  of  a 
composite  section,  this  figure  being  prepared 
from  measurements  made  from  time  to  time 
at  the  centers  and  at  the  ends  of  24  representa- 
tive sections,  using  as  a  base  the  elevations 
established  soon  after  construction.  Thus,  the 
elevation  changes  shown  for  the  center  and  for 
the  end  of  the  composite  section  are,  respec- 
tively, the  average  changes  in  elevation  of  the 
24  centers  and  of  the  48  ends  of  the  representa- 
tive sections. 

The  positions  of  the  center  and  end  of  the 
composite  section  indicate  that  the  pavement 
as  a  whole  raised  slightly  with  respect  to  the 
basic  elevation;  and  that,  excepting  in  the 
severe  winter  of  1939-40,  the  changes  in 
elevation  were  greater  at  the  center  than  at 


the  end,  suggesting  a  permanent  downward 
warping  at  the  end  of  the  composite  section 
with  respect  to  its  center.  It  is  believed  that 
soil  displacement  resulting  from  pumping  or 
consolidation  of  the  subgrade  at  the  joints 
may  be  primarily  responsible  for  this  condition 
of  distortion. 

Part  2.— CHANGES  IN  LENGTH 

Daily,  annual,  and  progressive  changes  in 
length  were  measured  at  the  ends  of  a  number 
of  representative  sections.  These  length 
changes  were  carefully  determined  either  by 
measurement  to  fixed  reference  points  located 
at  the  ends  of  a  section  or  by  measurements 
across  joints  between  sections  of  equal  length. 
Cross-joint  measurements  give  the  width 
changes  of  joints  which,  when  determined  for 
a  joint  separating  sections  of  equal  length, 
should  approximate  the  total  length  change 
of  one  of  the  joining  sections.  All  of  these 
measurements  were  from  points  installed  in 
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1  1   1 
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1    1    1 

1  1  1 

1     1     1 

1943 

1 

Figure  2. — Changes  in  elevation  of  the  center  and  end  of  a  composite  section  (average  of  24  representative  sections);  base  measurements 

obtained  in  December  1938. 


the    surface    of    the    right-hand    or    heavily 
traveled  lane  of  the  pavement. 

It  will  be  recalled  that  all  transverse  joints 
were  designed  to  care  for  a  reasonable  amount 
of  slab  expansion  and,  as  far  as  can  be  deter- 
mined, the  observed  length  changes  of  the 
sections  were  unaffected  by  restraint  at  the 
joints  during  the  first  5  years  of  pavement  lif<'. 
Considerable  care  was  exercised  during  con- 
struction in  correctly  alining  the  round  steel 
dowels  used  in  the  joints  which  separate  the 
shorter  sections,  so  that  restraint  from  this 
source  was  reduced  to  a  minimum.     Over  a 
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period  of  time,  however,  the  joints,  especially 
the  bridge-type  joints,  gradually  became  filled 
with  soil  and  with  bituminous  material  used 
for  their  maintenance  so,  at  present,  the 
movements  of  several  of  the  longer  sections 
may  be  restrained  to  some  extent  during 
periods  of  maximum  expansion. 

For  a  given  temperature  or  moisture 
change  in  the  concrete,  there  should  be  a 
proportionate  change  in  section  length  pro- 
vided the  section  remained  structurally  intact 
and  was  not  restrained  in  any  manner. 
Actually,  however,  the  length  changes  of  the 
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Figure   3. — Observed  daily   changes   in    section    lengths  expressed  as  percentages   of   the 
computed  changes  in  length  of  equivalent  unrestrained  sections. 


sections  of  this  study  are  affected  by  any 
restraint  that  may  develop  at  transverse  joints 
and  by  such  factors  as  subgrade  resistance  to 
slab  movement,  differences  in  the  thermal 
coefficients  of  steel  and  concrete,  moisture 
changes  of  the  concrete  and  not  of  the  steel, 
and  changes  in  width  of  existing  transverse 
cracks.  Just  how  much  influence  each  of 
these  factors  exerts  cannot  be  determined,  but 
it  is  believed  that  the  subgrade  resistance  is 
the  most  important.  Since  the  thermal  co- 
efficients of  steel  and  concrete  are  nearly  the 
same  (that  for  steel  being  somewhat  the 
greater)  it  seems  reasonable  to  expect  that  this- 
factor  would  have  little  effect  on  the  length 
changes  of  the  sections,  particularly  during 
expansion.  As  for  transverse  cracking,  it  will 
be  shown  later  in  the  report  that  very  few 
cracks  occurred  in  sections  having  lengths  less 
than  120  feet  and  the  cracks  that  developed 
in  the  longer,  more  heavily  reinforced  sections 
were  extremely  fine.  Thus,  for  either  a  daily 
or  annual  time  period,  the  cumulative  change 
in  width  of  all  transverse  cracks  in  a  given 
section  should  be  small  compared  to  the  over- 
all length  change  of  the  section. 

Daily  Length  Changes 

In  considering  the  daily  length  changes  it 
will  be  recalled  that  all  measurements  at  the 
joints  were  made  at  the  level  of  the  upper 
surface  of  the  pavement  and  were,  therefore, 
affected  in  some  degree  by  changes  in  the 
condition  of  warping  at  the  ends  of  the  slabs. 
In  this  investigation  it  was  found  that  the 
corrections  for  daily  warping  ranged  from 
0.003  to  0.005  inch  for  days  when  a  large 
temperature  change  occurred  in  the  pave- 
ment. These  corrections  were  applied  only 
to  sections  having  lengths  of  60  feet  or  less 
because  in  the  longer  sections  the  magnitude 
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of  the  length  changes  was  such  as  to  make 
the  correction  unimportant. 

In  figure  4  are  shown  the  relations  between 
section  length  and  change  in  section  length 
as  found  for  a  daily  mid-depth  pavement 
temperature  drop  of  24°  F.  and  a  daily  mid- 
depth  pavement  temperature  rise  of  30°  F. 
The  data  for  this  figure  were  obtained  from 
64  sections  that  cover  the  range  of  seel  ion 
lengths  for  all  percentages  of  longitudinal 
steel  included  in  each  of  the  three  types  of 
reinforcement.  The  slopes  of  the  straight 
lines  shown  in  the  figure  were  computed  from 
the  change  in  length  of  19  uncracked  sections, 
20  to  60  feet  long,  and  thus  represent,  for  the 
temperature  changes  mentioned,  the  rates  of 
length  change  for  short  sections  that  are 
comparatively  free  to  expand  and  contract. 
From  these  the  coefficients  of  daily  length 
change  for  short  sections,  which  should 
approximate  the  thermal  coefficient  of  the 
concrete,  are  readily  obtained. 

It  is  apparent  from  this  figure  that  sections 
up  to  approximately  75  feet  in  length  move 
with  as  much  freedom  as  the  very  short  sec- 
tions. The  change  in  length  of  sections 
greater  than  about  75  feet  is  restrained  by  sub- 
grade  resistance  and  perhaps  other  factors  and 
this  restraint,  the  effect  of  which  is  shown  as 
departure  from  the  slope  line  established  by 
the  short  sections,  increases  rapidly  as  the  sec- 
tions become  longer.  After  a  section  length 
of  about  800  feet  is  reached,  the  curves  level 
off,  indicating  that  the  maximum  restraint  has 
been  developed  and  that  sections  whose 
lengths  are  greater  than  this  may  be  expected 
to  show  total  length  changes  of  equal  magni- 
tude. This  suggests  that  the  central  portion 
of  sections  greater  than  800  feet  will  be  com- 
pletely restrained  during  quick  changes  in 
average  concrete  temperature.  Applied  to  the 
1,310-foot  section,  this  would  mean  that  the 
central  500 ±  feet  of  this  section  did  not  move 
during  the  daily  temperature  changes  for 
which  data  are  shown  in  figure  4. 

The  great  influence  of  subgrade  resistance 
on  the  relatively  rapid  daily  change  in  length 
of  the  sections  is  clearly  indicated  in  figure  3. 
This  figure,  prepared  from  the  curves  of  figure 
4,  shows  the  observed  change  in  length  of  a 
section  expressed  as  a  percentage  of  the  change 
in  length  of  an  unrestrained  section  of  the  same 
length.  The  length  changes  of  the  unre- 
strained sections  were  calculated  from  the  data 
obtained  from  the  very  short  sections.  Re- 
duced to  this  basis,  the  observed  daily  length 
changes  were  about  the  same  for  both  the 
expansion  and  contraction  cycles. 

In  the  discussion  of  figure  4  it  was  suggested 
that  the  central  portion  of  long  sections  may 
be  completely  restrained  during  quick  changes 
in  pavement  temperature.  This  seems  to  bo 
confirmed  by  the  data  given  in  figure  5,  data 
which  show  the  longitudinal  movements  ob- 
served at  the  center,  quarter-points,  and  ends 
of  a  1,310-foot  section  for  a  daily  mid-depth 
temperature  drop  of  19°  F.  and  a  rise  of  25°  F. 
The  values  shown  for  the  quarter-point  and 
for  the  end  are  in  each  case  the  average  value 
obtained  from  measurements  at  both  quarter- 
points  and  at  both  ends  of  the  section. 

These  data  indicate  that  during  contraction 
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the  movement  at  the  ends  of  the  1,310-foot 
section  was  about  20  percent  and  that  at  the 
quarter-points  about  1  percent  of  the  move- 
ment which  would  be  found  in  an  unrestrained 
section  of  the  same  length.  Corresponding 
values  for  expansion  were  about  20  and  2  per- 
cent. It  will  be  noted  that  between  500  and 
550  feet  of  the  central  portion  of  the  1,310-foot 
section  did  not  move  during  the  daily  cycle, 
this  length  being  comparable  to  the  500  ± -foot 
length  that  was  estimated  from  the  results  of 
figure  4. 

The  manner  in  which  certain  sections  re- 
spond to  a  daily  rise  in  pavement  temperature 
is  shown  in  figure  6.  The  basic  measure- 
ments for  this  figure  were  obtained  in  the  early 
morning  of  a  summer  day  and  subsequent 
measurements  were  made  at  intervals  until 
late  afternoon. 

In  the  case  of  both  the  470-  and  1,310-foot 
sections  the  relation  between  increase  in 
temperature  and  change  in  over-all  section 
length  remained  linear  until  a  total  elongation 


of  approximately  0.2  inch  was  attained,  after 
which  the  rate  of  length  change  increased 
progressively  with  temperature,  being  more 
pronounced  for  the  longer  section.  For  ex- 
ample, during  the  28°  F.  temperature  rise 
shown  in  figure  6,  the  1,310-foot  section 
moved  0.19  inch  for  the  first  14°  temperature 
increase  and  0.27  inch  for  the  second  14° 
increase.  Since  the  movements  of  the  sec- 
tions are  intimately  related  to  the  restraint 
offered  by  the  subgrade,  the  increase  in  the 
rate  of  length  change  of  the  long  sections  sug- 
gests that,  after  a  certain  amount  of  slab) 
displacement,  the  total  or  accumulated  sub- 
grade  resistance  continues  to  increase?  but  at 
a  progressively  decreasing  rate. 

Daily  changes  in  length  of  a  limited  Dumber 
of  sections  were  observed  each  summer  over 
;>  t-year  period  on  days  when  a  large  tempera- 
ture change  occurred  in  the  pavement.  This 
4-year  period  extended  from  the  second 
through  the  fifth  year  of  pavement  life  ami, 
therefore,  it  is  believed  that  the  movements 
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The  average  of  the  five  values  obtained  from 
the  observed  daily  length  change  for  the  20- 
foot  section  (table  2)  is  0.0000048  per  degree 
F.  Because  the  20-foot  section  is  free  to 
expand  and  contract  when  subjected  to  a 
temperature  change,  this  value  should  ap- 
proximate the  thermal  coefficient  of  the  con- 
crete. As  a  matter  of  supporting  data  the 
slopes  established  by  the  short  sections,  as 
shown  in  figure  4,  when  divided  by  the  tem- 
perature change  of  the  concrete,  give  co- 
efficient values  of  0.0000053  per  degree  F. 
for  contraction  and  0.0000049  per  degree  F. 
for  expansion. 

Annual  Length  Changes 

Figure  7  contains  the  annual  length  change 
data  for  the  various  sections  for  the  first, 
second,  third,  and  fifth  years  of  the  life  of 
the  pavement.  The  annual  change  in  length 
of  a  section  was  computed  from  data  obtained 
in  the  morning  of  a  midwinter  day  and  in  the 
afternoon  of  a  midsummer  day  and,  conse- 
quently, includes  the  length  change  that  oc- 
curred between  the  morning  of  a  winter  day 
and  the  morning  of  a  summer  day  plus  the 
daily  length  change  that  occurred  between  the 
morning  and  afternoon  of  the  aforementioned 
summer  day.  Since  an  effort  was  made  to 
obtain  these  data  during  the  coldest  period  of 
winter  and  the  hottest  period  of  summer,  the 
length  changes  shown  are  approximately  the 
maximum  for  the  annual  cycle.  The  slopes 
of  the  straight  lines  represent  respective  annual 
relations  determined  from  19  uncracked  short 
sections. 

The  type  of  reinforcement  used  in  the 
various  sections  is  denoted  by  symbol.  There 
appears  to  be  some  tendency  for  sections 
containing  billet-steel  bars  to  develop  slightly 
greater  annual  length  changes  than  equivalent- 
length  sections  reinforced  with  rail-steel  bars. 
This  same  tendency  was  noted  in  the  daily 
expansion  and  contraction  data  of  figure  4. 
The  cause  for  this  difference  is  not  known. 


of  the  sections  were  not  affected  by  restraint 
at  the  transverse  joints.  Table  2  gives  the 
daily  length  change  data  for  the  various 
section  lengths,  reduced  to  unit  values  per 
degree  F.  These  values  indicate  that  the 
coefficient  of  the  daily  length  change  of  a 
given  section  did  not  change  appreciably  from 
year  to  year. 

Table  2. — Summary  of  values  of  coefficients 
of  daily  length  change  {based  on  changes 
in  over-all  section  length) 


Section 
length 

Unit  change  in  section  length  per 
degree  F.XKH 

July 
1940 

A.M. 
to 

P.M. 

June  1941 

June  1942 

July 
1943 

A.M. 
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P.M. 

P.M. 

to 
A.M. 

A.M. 

to 
P.M. 

P.M. 

to 
A.M. 

A.M. 

to 
P.M. 

Feet 

20 
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335 
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Figure  6. — Effect  of  a  daily  rise  of  the  mean  pavement  temperature  on  the  c 
of  several  sections  {figures  in  circles  indicate  the  length  of  sections 
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It  is  indicated  by  the  four  curves  of  figure 
7  that  sections  up  to  approximately  150  feet 
in  length  move  with  as  much  freedom  during 
an  annual  cycle  as  do  the  very  short  sections. 
The  length  changes  of  sections  greater  than 
150  feet  are  restrained  by  the  subgrade, 
however,  and  this  restraint  increases  pro- 
gressively with  increase  in  section  length.  The 
data  of  figure  4  indicated  that  dailjr  restraint 
to  free  movement  was  first  noticeable  in 
sections  about  75  feet  long.  It  should  be 
remembered  that  the  annual  length  change 
data  considered  above  include  the  effects  of 
one  daily  cycle  also.  A  probable  explanation 
for  the  observed  difference,  just  mentioned, 
is  that,  under  the  slowly  developed  tempera- 
ture rise  from  winter  to  summer,  sections  up 
to  at  least  150  feet  in  length  moved  freely 
because  they  encountered  less  restraint  from 
the  subgrade  than  obtains  during  the  more 
rapid  daily  cycle  of  length  change.  Hence, 
the  small  amount  of  daily  restraint  to  free 
movement  of  sections  between  75  and  150 
feet  in  length,  as  shown  in  figure  4,  while 
present  is  not  apparent  in  the  curves  of 
figure  7. 

In  connection  with  this  study  of  the  annual 
length  changes  of  the  sections  it  is  of  interest 
to  note  the  symmetry  of  movement  that  was 
found  in  the  long  sections.  For  example, 
during  the  fifth  annual  period,  the  observed 
movement  at  one  end  of  a  1,070-foot  section 
was  1.50  inches  while  at  the  other  end  the 
movement  was  1.42  inches;  likewise  the  move- 


ments at  the  two  ends  of  the  1,310-foot  section 
were  1.62  and  1.72  inches,  respectively. 

To  provide  a  more  easily  visualized  com- 
parison of  the  annual  length  changes  of  the 
various  sections,  figure  8  was  developed  from 


100 


figure  7  in  the  same  manner  that  figure  3  was 
obtained  from  figure  4.  The  curves  of  figure 
8  show  not  only  the  magnitude  of  the  restraint 
that  was  present  in  the  various  sections,  but 
also  that  the  sections  expanded  more  freely 
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Figure  8. — Observed  annual  changes  in  section  lengths  expressed  as  percentages  of  the 
computed  changes  in  length  of  equivalent  unrestrained  sections  (figures  in  circles 
indicate  age  of  pavement  at  time  of  observations). 
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progressively  for  each  of  the  first  three  annual 
cycles.  Thus,  it  appears  that  the  sections 
encountered  less  subgrade  resistance  with  each 
successive  annual  expansion  period  until,  by 
the  end  of  the  third  period,  a  condition  of 
essential  stability  was  reached. 

Further  evidence  is  added  by  the  annual 
movements  observed  at  the  quarter-points  of 
the  1,310-foot  section.  For  the  first  year  the 
annual  movement  at  the  quarter-points  was 
about  10  percent  of  the  movement  to  be 
expected  at  the  quarter-points  of  an  unre- 
strained section  V  of  equal  length.  For  the 
second,  third,  and  fifth  years  the  values  were 
respectively  31,  46,  and  45  percent. 

Greater  Freedom  of  Movement 
Annually  Than  Daily 

Table  3  shows  the  annual  length  changes  of 
selected  sections  reduced  to  unit  values  per 
degree  F.  These  annual  coefficients  of  length 
change,  although  expressed  as  unit  values  per 
degree  F.,  involve  temperature,  moisture, 
subgrade  resistance,  and  perhaps  other  factors. 
The  factor  of  moisture  will  be  discussed  later 
in  the  report. 

In  comparing  the  coefficient  values  of  the 
longer  sections  of  table  3  with  those  of  table 
2,  it  is  observed  that  coefficients  for  an  annual 
expansion  period  are,  in  general,  much  greater 
than  those  for  a  daily  expansion  period,  thus 
suggesting  greater  freedom  of  movement  of  the 
sections  during  an  annual  period. 

This  condition  is  clearly  shown,  also,  by 
comparing  the  curves  of  figure  8  with  those  of 
figure  3.  For  example,  during  the  annual 
length-change  cycle  for  the  1,310-foot  section 
(fifth  year)  the  observed  movement  was  62 
percent  of  the  theoretical  length  change  for  an 
unrestrained  section  of  equal  length;  whereas 
during  the  daily  length  change  the  value  was 
only  22  percent.  Hence,  it  is  strongly  indi- 
cated that  the  magnitude  of  the  restraint 
offered  by  the  subgrade  is  a  function  of  the 
time  during  which  a  given  temperature  or 
moisture  change  in  the  pavement  takes  place. 

Data  lending  further  support  to  this  obser- 
vation are  given  in  figure  9.  This  figure  shows 
the  length  changes  of  the  sections  that 
occurred  between  the  morning  of  a  day  in 
February  when  the  mid-depth  pavement 
temperature  was  32°  F.  and  the  morning  of  a 
day  in  late  June  of  the  same  year  when  the 
mid-depth  pavement  temperature  was  77°  F. 
Therefore,  the  data  do  not  include  the  effect 
of  a  quick  daily  temperature  rise,  but  rather 

Table  3. — Summary  of  values  of  coefficients 
of  annual  length  change  (based  on 
changes  in  over-all  section  length) 


Unit  change  in  section  length  per 

degree  F.X10"7 

Section 
length 

First 

Second 

Third 

Fifth 

year 

year 

year 

year 

Feet 

20 

40 

42 

43 

43 

150 

40 

40 

41 

41 

335 

34 

35 

36 

36 

470 

29 

32 

34 

34 

600 

29 

31 

34 

35 

1,070 

21 

26 

28 

29 

1,310 

15 

21 

25 

25 

show  only  the  comparative  freedom  with 
which  sections  of  all  lengths  expanded  under 
a  slowly  developed  temperature  rise  of  45°  F. 
These  measurements  were  made  during  the 
third  year  of  the  life  of  the  pavement,  at 
which  time  stablization  of  annual  movement 
had  developed. 

It  appears  from  the  cycle  of  length  change 
shown  in  figure  9  that  sections  up  to  about 
900  feet  in  length  expanded  as  freely  as  the 
very  short  sections.  The  free  movement  of 
sections  greater  than  900  feet  is  restrained 
and,  although  the  sections  included  in  this 
study  are  not  long  enough  to  warrant  definite 
conclusions,  it  is  indicated  by  the  rapid  in- 
crease in  restraint  that  the  central  portion  of 
sections  greater  in  length  than  approximately 
1,700  to  1,800  feet  would  be  in  a  state  of  com- 
plete restraint  during  an  annual  cycle. 

The  manner  in  which  the  sections  up  to 
900  feet  in  length  expanded  from  February  to 
June  indicates  that  subgrade  resistance  did  not 
accumulate  in  these  sections  and,  as  a  con- 
sequence, residual  compression  was  probably 
absent  on  the  morning  of  the  June  day  when 
the  pavement  temperature  was  77°  F.  There- 
fore, it  seems  logical  to  expect  that  as  summer 
advances  and  the  mean  pavement  temperature 
gradually  rises,  sections  of  considerable  length, 
unless  restrained  at  the  joints,  expand  to 
their  annual  maximum  without  developing 
appreciable  residual  compression.  If  this  is 
the  case,  then  it  would  be  expected  that  in  late 
summer  or  early  fall  the  comparatively  large, 
sudden    drops    in    temperature   would    cause 
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comparatively  large,  direct  tensile  stresses  to 
be  developed  in  the  sections,  larger  probably 
than  at  any  other  period  during  the  year. 

Again  confirmatory  evidence  is  supplied  by 
the  movements  observed  at  the  quarter-points 
of  the  1,310-foot  section.  During  the  fifth 
year  of  pavement  life,  a  0.61-inch  movement 
was  recorded  at  the  quarter-points  of  this 
section  when  it  had  expanded  to  its  approxi- 
mate maximum  length  for  the  annual  cycle. 
During  the  early  fall  of  the  same  year,  however, 
after  the  pavement  temperature  had  dropped 
approximately  50  percent  of  its  winter  to 
summer  rise,  the  contraction  of  the  section 
was  restrained  to  the  extent  that  the  return 
movement  at  its  quarter-points  was  only 
0.06  inch  or  about  10  percent  of  the  movement 
observed  at  maximum  expansion. 

In  concluding  this  discussion  of  the  annual 
length  changes  of  the  sections,  it  is  of  interest 
to  compare  sections  in  which  the  three 
different  types  of  reinforcement  were  used 
and,  also,  those  in  which  the  maximum 
stresses  in  the  longitudinal  steel  presumably 
varied  considerably,  in  order  to  determine  the 
effect  of  these  factors  on  the  relation  between 
section  length  and  annual  contraction  of  the 
sections.  These  comparisons  are  shown  in 
figure  10  for  a  contraction  period  since,  during 
such  a  period,  maximum  tensile  stresses 
develop  in  the  reinforcement.  The  length 
changes  given  in  this  figure  are  the  result  of  a 
77°  F.  fall  in  temperature  that  occurred 
between  midsummer  and  midwinter  of  the 
third  annual  contraction  period. 
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Figure  9. — Relation  between  section  length  and  change  in  length  from  the  morning  of  a 
winter  day  to  the  morning  of  a  summer  day  of  the  same  year  (mean  pavement  tem- 
perature change  of  45°  F.). 


10 


April  1950  »  PUBLIC  ROADS 


53 


i 


RAIL-STEEL  BARS 

^*^cT 

o 

z 

IL) 


o 

li-i 

CO 


Id 
O 

z 
< 
I 
o 


BILLE 

T- ST  EEL   E 

JARS 

A 

Wl 

ELDED  FAE 

JRIC 

S 

f- 

12 


14 


0  2  4  6  8  10 

SECTION   LENGTH- HUNDREDS  OF  FEET 
CALCULATED    MAXIMUM    STRESS  IN   STEEL- POUNDS   PER  SQ.  IN. 
°-  15,000  x- 25,000         o-35,000         #-45,000  a-  55„000 

Figure  10. — Effect  of  type  of  reinforcement  and  calculated  maximum  steel  stress  on  the 
relation  between  section  length  and  annual  contraction  (77°  F.  temperature  drop). 


A  comparison  of  the  three  curves  of  figure 
10  indicates  that,  for  a  contraction  period,  the 
type  of  reinforcement  had  little  influence  on 
the  observed  length  changes  of  the  sections. 
For  example,  in  the  case  of  a  300-foot  section 
the  measured  length  changes  for  the  rail-steel 
bars,  the  billet-steel  bars,  and  the  welded 
fabric  were  0.92,  0.98,  and  1.00  inch 
respectively. 

The  maximum  steel  stresses  as  calculated 
for  the  various  sections  are  denoted,  in  figure 
10,  by  symbol.  For  a  given  section  length 
these  stress  values  may  be  considered  as 
inverse  indices  of  steel  area.  The  orderly 
manner  in  which  all  points,  regardless  of 
symbol,  fall  on  the  curves  in  the  figure  is 
evidence  that,  within  the  ranges  available  for 
comparison  in  a  given  section  length,  the 
amount  of  the  longitudinal  steel  exercises  no 
significant  control  over  the  length  changes. 
For  example,  two  sections  each  approximately 
600  feet  long,  reinforced  with  rail-steel  bars, 
show    essentially    the    same    length    change 
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although  one  contains  1.82  percent  of  longi- 
tudinal steel  while  the  other  contains  but 
1.02  percent. 
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An  examination  of  all  of  the  transverse 
cracks  in  the  regular  sections  indicated  that, 
except  for  3  in  the  24  sections  containing  the 
32-pound  wire  fabric,  all  were  held  closed  by 
the  longitudinal  steel.  The  condition  of  these 
cracks  will  be  discussed  later. 

Since  after  10  years  of  heavy-duty  service 
none  of  the  cracks  in  the  regular  sections 
showed  evidence  of  inelastic  deformation  of 
the  longitudinal  steel  (except  the  three  just 
mentioned),  it  must  be  concluded  that  the  as- 
sumptions used  in  computing  steel  stresses  in 
the  original  design  lengths  were  unduly  con- 
servative. How  closely  the  elastic  limit  of  the 
steel  has  been  approached  during  this  period  of 
service  remains  unknown. 

Progressive  Length  Changes 

To  evaluate  length  changes  of  a  progressive 
or  permanent  nature,  measurements  were 
made  at  the  ends  of  a  number  of  selected 
sections  every  February  and  August  during 
the  first  9  years  of  pavement  life.  The  Feb- 
ruary observations  were  obtained  when  the 
mid-depth  slab  temperature  was  approxi- 
mately 32°  F.  and  the  August  observations 
when  the  mid-depth  slab  temperature  was 
approximately  92°  F.  The  effect  of  moisture 
on  the  determination  of  the  progressive  length 
changes  of  the  sections  was  minimized,  as 
much  as  possible,  since  there  is  reason  to  be- 
lieve that  the  moisture  content  of  the  pave- 
ment remains  virtually  stable  in  February  and 
in  August.  Studies  indicate  that  during  these 
months  the  absorbed  moisture  is  at  the  maxi- 
mum and  minimum,  respectively,  of  the  an- 
nual cycle  of  moisture  change. 

The  data  from  the  study  of  progressive  or 
permanent  changes  in  the  lengths  of  the  sec- 
tions are  given  in  figures  11  and  12. 

In  figure  11  the  broken  lines  show  the  aver- 
age February  to  August  and  August  to  Feb- 
ruary unit  length  changes  of  a  number  of  short, 
uncracked  sections,  plotted  with  respect  to  the 
initial  set  of  measurements  obtained  in  Feb- 
ruary of  1939.  These  sections  are  20  to  80 
feet  in  length,  comprise  340  feet  of  pavement 
in  total,  and  are  relatively  free  to  expand  and 
contract.  The  length  changes  are  expressed 
as  unit  values  per  G0°  F.  change  in  slab 
temperature. 

The  solid   line   drawn   through   the   mean 
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Figure  11. — Annual  cycles  of  length  change  and  progressive  growth  of  short,  uncracked 
sections  expressed  as  unit  changes  in  length. 
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points  of  the  cyclic  variations  of  figure  11  in- 
dicates a  progressive  permanent  growth  or 
increase  in  the  length  of  the  sections,  this 
growth  being  more  pronounced  after  the  fifth 
year  of  pavement  life.  In  fact,  the  growth  was 
so  small  during  the  early  life  of  the  pavement 
that  in  the  5-year  report  it  was  stated  that 
"no  definite  indication  of  a  permanent  change 
in  the  length  of  the  short  sections  was  ob- 
served". Since  these  short  sections  are  struc- 
turally intact  there  can  be  little  doubt  that  a 
permanent  increase  in  length  is  developing. 
This  appears  to  be  another  instance  of  the 
tendency  of  some  concretes,  at  least,  to  grow 
when  subjected  to  repeated  cycles  of  tempera- 
ture and  moisture  change. 

The  difference  between  the  high  and  low 
points  of  the  mean  line  of  figure  11  represents 
a  permanent  unit  increase  of  0.000048  or  an 
increase  of  approximately  one-sixteenth  inch 
for  a  100-foot  slab.  A  similar  study  of  per- 
manent growth  of  concrete  pavement  was 
made  at  the  Arlington  Experiment  Farm, 
Virginia,  by  the  Bureau  of  Public  Roads  3  on 
a  40-foot,  plain  concrete  test  section.  Over 
a  9-year  period  this  test  section  showed  a 
permanent  increase  in  length  equal  to  approx- 
imately three-eighths  inch  for  a  100-foot  slab. 
This  value  is  approximately  six  times  greater 
than  the  value  computed  from  the  data  of  the 
reinforced  short  sections  of  the  Indiana  pave- 
ment. Whether  the  reinforcing  steel  in  the 
Indiana  sections  restrained  the  tendency  for 
the  concrete  to  grow  in  the  presence  of  mois- 


3  The  structural  design  of  concrete  pavements— part  2,  by 
L.  W.  Teller  and  E.  C.  Sutherland;  Public  Roads,  vol.  16, 
No.  9,  Nov.  1935;  and  Application  of  the  results  of  research  to 
the  structural  design  of  concrete  pavements,  by  E.  F.  Kelley; 
Public  Roads,  vol.  20,  No.  6,  Aug.  1939. 


ture  or  whether  differences  in  material  and 
exposure  between  the  sections  of  the  two 
investigations  were  responsible  for  this  differ- 
ence in  behavior  can  only  be  a  matter  of 
speculation. 

Effect  of  Moisture 

Although  the  data  in  figure  11  were  ob- 
tained primarily  for  a  study  of  length  changes 
of  a  permanent  nature,  values  of  winter-to- 
summer  length  changes  resulting  from  the 
change  in  the  moisture  content  of  the  concrete 
alone  can  be  obtained  from  them  with  con- 
siderable accuracy.  For  example,  the  range 
in  the  observed  unit  length  changes  of  the 
short  sections,  as  determined  from  the  expan- 
sion and  contraction  periods  shown  in  the 
figure,  is  0.000205  to  0.000240  for  the  60°  F. 
change  in  slab  temperature.  Inasmuch  as  the 
short  sections  were  structurally  intact  and 
were  relatively  free  to  move,  the  length 
changes  are  principally  those  caused  by 
changes  in  the  temperature  and  moisture 
content  of  the  concrete.  It  will  be  recalled 
that,  earlier  in  the  report,  the  average  value 
of  the  thermal  coefficient  of  the  concrete  was 
estimated  to  be  approximately  0.000004S  per 
degree  F.  From  this,  the  unit  length  change 
of  the  sections  for  a  60°  F.  change  in  tempera- 
ture can  be  calculated  and  applied  as  a  cor- 
rection to  the  observed  unit  length  change, 
yielding  the  unit  length  change  caused  by  the 
change  in  the  moisture  content  of  the  concrete. 

In  this  investigation  the  unit  length  changes 
caused  by  the  annual  cycle  of  moisture  varia- 
tions were  found  to  range  from  0.000048  to 
0.000083,  these  length  changes  being  opposite 
in  sense  and  partly   compensatory  for  those 
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caused  by  the  annual  cycle  of  temperature 
changes.  For  the  Indiana  pavement,  these 
values  correspond  to  length  changes  produced 
by  a  10°  to  17°  F.  change  in  pavement  tem- 
perature. The  values  should  be  approxi- 
mately a  maximum  for  the  yearly  cycle,  since, 
as  remarked  before,  the  data  were  obtained 
at  times  when  the  maximum  and  minimum 
amounts  of  moisture  were  present  in  the 
concrete. 

Again  referring  to  data  obtained  from  the 
40-foot,  plain  concrete  test  section  of  the 
Arlington  experiment,  it  was  found  that 
seasonal  variations  in  the  moisture  content  of 
that  concrete  caused  length  changes  correspon- 
ing  to  a  20°  to  40°  F.  change  in  slab  tempera- 
ture. Hence,  it  is  evident  that  the  effect  of 
moisture  on  length  changes  was  less  for  the 
reinforced  sections  in  Indiana  than  for  the 
plain  concrete  section  of  the  Arlington  study. 
In  this  comparison,  also,  it  seems  quite  pos- 
sible that  the  reinforcing  steel  restrained,  to 
some  extent,  the  tendency  of  the  concrete  to 
change  in  length  with  moisture  change. 

As  a  matter  of  interest,  it  is  noted  that  in 
tests  conducted  by  the  Minnesota  Depart- 
ment of  Highways  4  seasonal  moisture  varia- 
tions caused  length  changes  corresponding  to 
slab  temperatures  that  averaged  20°  F.  Also, 
it  was  determined  in  tests  by  the  Michigan 
State  Highway  Department 4  that,  for  a 
constant  temperature  of  72°  F.,  the  average 
unit  change  in  length  of  plain  concrete  speci- 
mens from  an  oven-dry  to  a  saturated  state 
was  0.000246,  this  value  being  equivalent  to  a 
change  in  temperature  of  46°  F.  It  appears 
that  different  concretes  may  vary  considerably 
in  this  characteristic. 

The  progressive  or  permanent  changes  in 
the  length  of  several  of  the  longer  sections  are 
given  in  figure  12.  These  data  were  obtained 
at  the  same  temperatures  and  on  the  same 
days  as  those  of  the  short  sections  discussed 
previously.  The  lengths  of  the  individual 
bars  indicate  over-all  changes  in  section  length 
that  accompanied  a  60°  F.  winter-to-summer 
rise  in  pavement  temperature.  The  solid  line 
drawn  through  the  mid-points  of  the  indivi- 
dual bars  defines  the  progressive  changes  in 
the  lengths  of  the  sections. 

It  is  apparent  from  this  figure  that  the 
lengths  of  all  sections  increase  progressively 
with  time,  and  that  the  magnitude  of  these 
progressive  increases  becomes  greater  with 
increase  in  section  length  for  sections  up  to 
approximately  1,000  feet  long. 

The  progressive  increases  of  the  long  sections 
are  the  result  not  only  of  the  tendency  of 
concrete  to  grow  when  exposed  to  cycles  of 
moisture  and  temperature  change,  as  was  the 
case  of  the  short,  uncracked  sections;  but 
also  of  the  tendency  of  transverse  cracks  to 
open  (however  slightly)  with  time,  and  of  the 
influence  of  subgrade  resistance.  The  fact  that 
the  long  sections  returned  so  nearly  to  their 
original  or  base  lengths  during  the  early  cycles 
of  length  change  indicates  that  the  initial 
widths  of  the  many  transverse  cracks  that 
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developed  during  this  period  must  have  been 
extremely  small.  Also,  when  the  magnitude 
of  the  total  increase  in  section  length  or 
growth  of  these  sections  is  divided  by  the 
number  of  cracks  in  the  section,  it  is  evident 
that  the  steel  reinforcement  has  prevented 
any  appreciable  opening  of  the  individual 
cracks. 

Part  3.— DEVELOPMENT  AND  DISTRIBU- 
TION OF  CRACKS 

Five  crack  surveys  were  made  over  the  full 
length  of  the  experimental  pavement  during 
the  10-year  period.  The  first  was  made 
shortly  after  the  sections  were  placed;  others 
were  made  at  the  end  of  the  first,  third, 
fifth,  and  tenth  years  of  service.  In  addition, 
during  the  first  3  years  of  the  life  of  the  pave- 
ment, certain  representative  sections  were 
surveyed  at  more  frequent  intervals.  In 
every  case  the  surface  of  the  pavement  was 
subjected  to  a  very  careful  examination  in 
order  that  all  fractures  visible  to  the  naked 
eye  might  be  detected. 

Figure  13,  traced  from  the  crack  survey 
sheets,  shows  the  number  and  position  of  the 


cracks  that  have  developed  in  typical  sections 
during  the  10-year  period  of  service.  Consid- 
erable care  was  exercised  in  accurately  plot- 
ting each  crack  on  the  original  survey  sheets. 
Because  of  the  fine  character  of  the  cracks, 
it  was  necessary  to  outline  each  crack  with 
keel  on  the  surface  of  the  pavement  before 
plotting  on  the  sheets. 

It  will  be  noted  from  the  examples  in  figure 
13  that  short  sections  tend  to  be  comparatively 
free  of  fractures.  At  the  end  of  10  years, 
70  percent  of  154  short  sections — that  is, 
those  whose  lengths  range  from  20  to  120 
feet — were  still  uncracked.  As  the  section 
lengths  increase,  however,  cracking  becomes 
more  prevalent  until  in  the  central  portion 
of  long  sections  the  crack  interval  is  frequently 
less  than  2  feet. 

It  may  be  observed  also,  from  the  crack 
patterns  shown  by  the  survey  sheets,  that: 
(1)  Cracks,  although  somewhat  wavy  and 
irregular,  are  essentially  at  right  angles  to  the 
axis  of  the  pavement;  (2)  cracks  in  many 
instances  are  not  continuous  across  both 
lanes,  either  ending  completely  or  being 
offset  slightly  at  the  center  joint;   (3)   longi- 


tudinal cracking  has  not  developed  in  any  part 
of  the  pavement;  and  (4)  corner  breaks  at 
transverse  cracks  are  very  rare. 

After  10  years  of  service  the  surface  condi- 
tion of  the  pavement  is  excellent.  With  the 
exception  of  those  in  sections  reinforced  with 
the  32-pound  wire  fabric,  all  fractures  have 
been  held  closed  by  the  longitudinal  steel. 
The  cracks  that  formed  in  the  sections  con- 
taining this  light  fabric  were  wider  initially 
than  those  that  appeared  in  the  more  heavily 
reinforced  sections  and,  after  about  8  years, 
in  several  cases  the  steel  crossing  them  broke, 
probably  from  shearing  forces,  resulting  in 
relatively  wide  openings  and  some  spalling. 
In  all  of  the  other  sections  there  is  no  evidence 
of  any  form  of  structural  damage  to  the 
concrete,  with  the  exception  of  a  very  slight 
raveling  of  the  edges  of  the  cracks,  probably 
due  to  flexure.  It  is  believed  that  the  fineness 
of  the  cracks,  especially  those  in  the  more 
heavily  reinforced  sections,  is  conducive  to 
distributed  interfacial  pressure,  thus  minimiz- 
ing the  possibility  of  blow-ups  and  other  pres- 
sure concentration  failures  that  are  sometimes 
observed  at  cracks  in  plain  concrete  pavement. 


•100  FT.- 


L 50  FT.- 

r 


~ 


-470  FT- 


nrr 

3  3 

?6    \     *\ 


3  (3  3  3        3  I  (3 


3      /l  3 


150   FT.- 


76 

11 i6_ 


3       1  3         4     I  /3 


-470  FT.- 


-1 


r^     i      i  /  i  h  )    n — f 1 

3  3  3      3  1  3  4        3  3/  /3  \i         3  }i    76  ',3 

,  L  U    — ,  i  .   M — u* | r 

3        3  3      3  I  13    U        )i  3  3  U  3  3  |3  5 

LJ U I U 1 Lfl I lis I ) 


1310  FT.- 


6        12  12  2 


2  2      2 


5      1/    6  I  2        2 


1/2      I     4/    1 1 
lA. 


I  I 

CONSTRUCTION    JOINT 


-1310  FT. - 


6(    ,6 


^CONSTRUCTION 
:  JOINT 


m 


k 


I 


—  50  FT.- 


SURVEY:      I -NOV.,  1938      2- NOV.,  1939      3- NOV.,  1940 
4- OCT.,  1941        5- OCT.,  1943      6- OCT.,  1948 
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Surface  Condition  at  Cracks 

Figures  14  and  15  show  typical  examples 
of  the  surface  condition  of  the  pavement  at 
several  cracks. 

Figure  14  pictures  the  surface  condition  of 
the  pavement  in  the  vicinity  of  several  of  the 
widest  cracks  to  be  found  in  the  central 
region  of  the  heavily  reinforced  sections. 
These  cracks  are  in  the  right-hand  or  heavily 
traveled  lane  of  the  pavement  and  were  taken 
after  a  7-year  service  period.  Unfortunately, 
since  the  photographs  were  taken,  many  of 
these  cracks  were  inadvertently  covered  with 
bituminous  material  by  a  maintenance  crew. 
This  material  did  not  enter  the  cracks  but 
did  spread  over  the  surface  and  obscure  them. 

In  figure  15  are  shown  close-up  photographs 
of  the  surface  condition  of  the  pavement  at 
two  cracks;  one  in  the  central  portion  of  the 
longest  section  of  those  reinforced  with  1-inch 
diameter    rail-steel    bars     (1.82    percent    of 


longitudinal  steel)  and  the  other  in  a  com- 
parable portion  of  the  longest  section  of  those 
containing  }£-inch  diameter  rail-steel  bars 
(0.45  percent  steel).  Both  photographs  were 
taken  after  the  pavement  had  been  in  service 
for  10  years  and  show  fractures  typical  of 
those  that  appeared  in  the  heavily  traveled 
lane  shortly  after  construction. 

The  contrast  between  the  surface  widths  of 
the  two  cracks  pictured  in  figure  15  is  quite 
obvious  when  actually  seen  in  the  pavement. 
When  the  cracks  first  formed,  those  that 
appeared  in  the  most  heavily  reinforced  sec- 
tions were  almost  microscopic,  being  dis- 
cernible only  by  extremely  close  inspection. 
However,  in  the  sections  with  decreasing  per- 
centages of  reinforcing  steel  the  cracks  were, 
in  general,  proportionately  less  frequent  and 
more  readily  seen;  cracks  in  the  lightly  rein- 
forced short  sections,  if  present  at  all,  being 
relatively  conspicuous.  Over  the  10-year 
period   of  service   the   action   of  traffic   and 
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exposure  has  produced  some  slight  raveling 
and  rounding  of  the  edges  of  the  fractures. 

The  preceding  discussion  related  to  differ- 
ences between  the  surface  widths  of  fractures 
in  sections  containing  different  percentages  of 
longitudinal  reinforcement.  During  the  sur- 
veys, it  was  observed  further  that  cracks  in 
the  end  portion  of  a  given  long  section 
generally  presented  a  slightly  better  surface 
appearance  than  those  in  the  central  part; 
and  that  cracks  in  the  central  portion  of 
sections  containing  a  given  percentage  of 
steel,  but  of  different  lengths,  showed  some 
slight  evidence  of  a  corresponding  difference 
in  surface  widths,  those  in  the  central  part 
of  the  longest  section  of  each  group  apparently 
being  wider  than  those  in  the  central  part  of 
the  shortest  section.  It  seems  reasonable  that 
this  should  be  so. 

Quantitative  Measurements 

At  the  end  of  10  years,  quantitative  meas- 
urements of  the  surface  widths  of  cracks, 
which  included  raveling  and  rounding  of  their 
edges,  were  made  in  the  following  manner: 
Starting  at  the  edge  of  the  pavement  the 
width  of  a  segment  of  crack  about  3  feet  long 
was  carefully  examined  and  a  width  measure- 
ment made  at  a  point  judged  to  be  average. 
A  similar  measurement  was  made  on  each  of 
two  additional  3-foot  segments  of  the  same 
crack,  thus  covering  one  lane  width.  The 
average  of  the  three  measurements  was  con- 
sidered to  be  the  average  surface  width  of  the 
crack  for  the  particular  lane.  All  measure- 
ments were  estimated  to  the  nearest  0.01 
inch.  It  is  realized  that  this  procedure  does 
not  establish  an  exact  value  for  the  surface 
width  of  an  individual  crack,  but  it  is  believed 
that  the  averages  of  a  number  of  such  meas- 
ured values  have  significance  in  relative 
comparisons. 

Measured  values  of  the  surface  widths  of 
cracks  obtained  in  the  manner  described  are 
given  in  table  4.  The  values  shown,  for  each 
percentage  of  steel,  are  of  fractures  that 
developed  at  an  early  age  in  the  central  area 
of  the  longest  section  reinforced  with  either 
rail-steel  or  billet-steel  bars.  Hence,  the 
computed  maximum  steel  stress  was  either 
45,000  or  55,000  pounds  per  square  inch.  An 
average  width  value  represents  the  combined 
average  of  15  or  20  cracks,  measured  in  sec- 
tions containing  both  rail-steel  and  billet-steel 
bars.  All  data  were  obtained  in  the  fall  of 
the  year  when  the  mean  pavement  tem- 
perature was  58°-60°  F. 

Table  4. — The  surface  width  of  cracks  (cen- 
tral portion  of  longest  section  for  each 
percentage  of  steel) 


Figure  14. — Surface  condition  of  pavement  in  vicinity  of  the  ividest  cracks  observed  in  the 
central  portion  of  the  heavily  reinforced  sections  (heavily  traveled  lane  after  7  years 
of  service). 
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Percent- 
age of 
longi- 
tudinal 
steel  in 
section  ' 

Surface  width  of  cracks  in  lane  carrying — 

Heavy  traffic 

Light  traffic 

Average 

Range 

Average 

Range 

Percent 
1.82 
1.02 
.45 
.26 

Inches 

0. 053 

.078 

.104 

.117 

Inches 
0.02-.  11 
1  .03-15 
1  .  07-  18 

.  09-.  15 

Inches 

0.020 

.032 

.038 

.038 

Inches 
0.  01-  03 
.  02-.  05 
.  02-  06  ' 
.02-07^ 

'  Calculated  maximum  stress  in  steel  is  either  45,000  or 
55,000  pounds  per  square  inch. 
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The  comparisons  available  in  the  table  show 
that  the  surface  widths  of  the  cracks  tend  to 
increase  with  a  decrease  in  the  amount  of 
longitudinal  reinforcement.  For  example,  the 
average  measured  width  of  the  cracks  in  the 
heavily  traveled  lane  of  the  selected  sections 
reinforced  with  0.45  percent  steel  is  approxi- 
mately twice  the  average  width  of  those  in 
sections  containing  1.82  percent  of  steel.  The 
influence  of  traffic  on  the  surface  width  of  the 
fractures  is  also  evident,  but  this  effect  will  be 
discussed  later  in  the  report. 

As  previously  mentioned,  the  values  of 
table  4  are  for  sections  containing  rail-  and 
billet-steel  bars.  Measurements  of  the  sur- 
face widths  of  cracks  also  included  fractures 
in  the  longest  section  of  each  group  reinforced 
with  the  91-  and  the  149-pound  welded-wire 
fabric.  The  data  from  these  measurements 
are  concordant  with  those  from  the  sections 
reinforced  with  rail-  and  billet-steel  bars. 
The  average  surface  width  of  the  cracks  in  the 
section  containing  the  91-pound  fabric  was 
found  to  be  appreciably  greater  than  that  of 
the  section  reinforced  with  the  149-pound 
fabric. 

Referring  to  the  range  in  the  average  sur- 
face width  of  individual  cracks  (table  4),  it  is 
apparent  that  the  maximum  is,  in  some  cases 
in  the  heavily  traveled  lane,  slightly  more 
than  one-eighth  inch.  Also,  the  width  of  a 
crack  at  isolated  points  along  its  length  was 
often  observed  to  be  considerably  greater  than 
its  average  width,  because  of  localized  raveling. 
The  maximum  values  at  such  points  were 
0.3  and  0.7  inch,  respectively,  for  sections  re- 
inforced with  1.82  and  0.45  percent  of  steel.  It 
should  be  kept  in  mind,  however,  that  the  depth 
of  raveling  along  the  lengths  of  all  cracks  was 
estimated  to  be  never  more  than  one-eighth 
inch  and  may  be  considered  superficial. 


Figure  15. — Surface  condition  of  cracks  typical  of  those  that  developed  at  an  early  age  in  the 
central  portion  of  the  longest  section  reinforced  with:  (left)  1-inch  diameter  bars  (1.82 
percent  steel);  and  (right)  }{-inch  diameter  bars  (0.45  percent  steel).  These  were  in 
the  heavily  traveled  lane  after  10  years  of  service. 


A  limited  amount  of  supplementary  data 
on  the  surface  widths  of  fractures,  other  than 
those  given  in  table  4,  were  obtained  by 
measurements  in  the  end  and  central  areas  of 
the  1,310-foot  section,  in  order  to  establish 
a  comparison  of  crack  widths  in  those  regions. 
It  was  found  that  the  surface  widths  of  cracks 
in  the  central  portion  of  the  1,310-foot  section 
averaged  about  twice  the  width  of  those  near 
the  ends.  Measurements  were  also  made  of 
the  surface  widths  of  cracks  that  had  devel- 
oped in  the  central  part  of  the  600-foot  section 
reinforced  with  1.82  percent  of  steel  and  such 
widths  averaged  about  one-half  the  width  of 
those  that  formed  in  the  central  part  of  the 
1,310-foot  section  containing  the  same  per- 
centage of  reinforcement. 


Figure  16. — Edge  (vertical  face)  condition  of  cracks  typical  of  those  that  developed  at  an 
early  age  in  the  central  portion  of  the  longest  section  reinforced  with:  (left)  1-inch 
diameter  bars  (1.82  percent  steel);  (center)  %-inch  diameter  bars  (0.45  percent  steel); 
and  (right)  91-pound  wire  fabric  (0.24  percent  steel).  These  were  in  the  heavily 
traveled  lane  after  10  years  of  service. 
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Real  W  idths  of  Cracks 

Figure  16  shows  close-up  photographs  of 
several  cracks  as  observed  at  the  vertical  face 
at  the  edge  of  the  pavement.  These  photo- 
graphs, taken  in  1948,  show  fractures  that 
occurred  at  an  early  age  in  the  central  area  of 
the  longest  section  of  each  group  reinforced 
with  1-inch  diameter  rail-steel  bars,  }£-inch 
diameter  rail-steel  bars,  and  a  91-pound  wire 
fabric,  the  percentage  of  reinforcement  values 
being  1.82,  0.45,  and  0.24,  respectively. 

Cracks,  such  as  those  pictured  in  figure  16, 
were  almost  imperceptible  when  they  first 
appeared,  being  visible  throughout  the  depth 
of  the  slab  only  after  a  drying  period  following 
a  wetting  of  the  concrete.  With  time,  how- 
ever, they  have  opened  progressively  a  very 
small  amount  and  their  edges  have  raveled 
slightly. 

At  the  end  of  10  years  of  service,  measure- 
ments were  made  of  the  edge-face  widths  of 
a  number  of  cracks  (located  in  the  central 
portions  of  the  sections  mentioned  above)  in 
order  to  obtain  values  of  the  real  widths  of 
the  cracks  themselves;  width  values  which, 
unlike  those  taken  on  the  surface  of  the  pave- 
ment, did  not  include  raveling  and  rounding 
of  the  crack  edges.  A  40-power  shop  micro- 
scope with  a  0.001 -inch  graduated  scale  was 
used  to  make  the  measurements,  the  instru- 
ment being  focused  into  the  opening  of  the 
fracture  to  eliminate  errors  caused  by  surface 
conditions  at  the  crack  edges. 

The  data  obtained  from  this  study  of  crack 
widths  in  the  slab  edges  are  given  in  table  5. 
Each  average  value  of  the  table  is  the  aver- 
age for  five  cracks  that  developed  early  in  the 
life  of  the  pavement.  The  computed  maxi- 
mum steel  stress  at  the  site  of  these  cracks  is 
55,000  pounds  per  square  inch.  All  measure- 
ments were  made  at  the  mid-depth  of  the  slab 
and  in  the  fall  of  the  year  when  the  mean  pave- 
ment temperature  was  73°-74°  F. 

The  values  shown  indicate  that  the  real 
widths  of  the  cracks,  like  their  surface  widths, 
increase  with  a  decrease  in  the  percentage  of 
longitudinal  reinforcement.     For  example,  the 
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Table  5. — The  real  width  of  cracks  {central 
portion  of  longest  section  for  each  per- 
centage of  steel) 


Percent- 
age of 
longi- 
tudinal 
steel  in 
section  ' 

Width  of  cracks  in  lane  carrying — 

Heavy  traffic 

Light  traffic 

Average 

Range 

Average 

Range 

Percent 
1.82 
.45 
.24 

Inches 

0.004 

.011 

.013 

Inches 

0. 002-.  007 

. 007-.  018 

.  005-.  018 

In ches 
0.002 
.009 
.010 

Inches 

0. 001-.  003 

.  007-.  010 

.  OOfi-.  013 

1  Calculated  maximum  stress  in  steel  is  55,000  pounds  per 
square  inch. 


average  width  of  the  fractures  in  the  heavily 
traveled  lane  of  the  selected  section  reinforced 
with  0.45  percent  of  steel  is  nearly  three  times 
the  average  width  of  those  in  the  same  lane  of 
the  section  containing  1.82  percent  of  steel. 
A  comparison  of  the  data  in  tables  4  and  5 
shows  that  the  surface  width  of  cracks  in- 
creases under  the  same  conditions  that  cause 
an  increase  in  real  width.  It  is  apparent, 
also,  that  the  surface  width  of  a  given  crack 
is  many  times  greater  than  its  real  width. 

Longitudinal  reinforcement  is  in  continuous 
bond  with  the  concrete  until  the  first  trans- 
verse crack  develops.  When  this  happens  the 
amount  of  opening  of  the  crack  will  depend 
upon  the  total  elongation  of  the  steel  which 
crosses  it.  This  elongation  is,  in  turn,  de- 
pendent upon  the  length  that  is  free  to  elon- 
gate as  affected  by  the  bond  between  the  steel 
and  the  concrete;  and  upon  the  magnitude  of 
the  direct  tensile  stress  in  the  steel,  also 
dependent  upon  bond  conditions. 

In  this  investigation  neither  the  length  over 
which  the  steel  was  not  in  bond  nor  the  mag- 
nitude of  the  tensile  stress  in  the  steel  could 
be  determined. 

However,  it  is  of  interest  to  examine  the 
crack-width  data  on  the  basis  of  the  amount  of 
longitudinal  steel  present,  as  shown  in  table  5. 
Presumably,  at  the  time  of  the  crack-width 
measurements  the  same  steel  stress  was  active 
in  the  central  region  of  all  sections  listed  in  the 


table.  When  compared  in  this  way  it  will  be 
found  that  for  both  the  heavily  traveled  and 
the  passing  lanes,  the  average  crack  width 
increases  directly  with  a  decrease  in  the  per- 
centage of  longitudinal  steel. 

Also  of  interest  is  the  fact  that  in  the  longer 
sections  the  surface  widths  of  cracks,  and 
presumably  their  real  widths  also,  were  less 
in  the  end  than  in  the  central  areas  of  the 
sections.  This  is  as  would  be  anticipated, 
since  the  tensile  stress  in  the  longitudinal  bars 
would  be  expected  to  decrease  as  the  end  of  a 
section  is  approached. 

Effect  of  Traffic 

In  connection  with  the  study  of  cracking,  an 
opportunity  has  been  afforded  to  observe  the 
effect  of  traffic  on  the  development  and  con- 
dition of  the  cracks.  It  will  be  recalled  that 
the  experimental  two-lane  pavement  is  one- 
half  of  a  divided  highway;  consequently,  the 
right-hand  lane  carries  the  greater  number  of 
vehicles  and  practically  all  of  the  heavy  trucks, 
the  left-hand  lane  being  used  largely  for  pass- 
ing. Also,  it  is  mentioned  again  that  the 
experimental  sections,  part  of  U  S  40,  are 
subjected  to  a  relatively  high  frequency  of 
heavy  traffic  loads. 

Although  a  survey  made  soon  after  com- 
pletion of  the  pavement  showed  equal  cracking 
in  both  lanes,  at  the  end  of  the  first  year  51.2 
percent  of  the  total  number  of  cracks  were 
found  to  be  in  the  right-hand  lane  of  the  pave- 
ment. This  percentage  value  had  increased 
to  52.7  and  53.0  percent  at  the  end  of  the 
fifth  and  tenth  years,  respectively.  Thus, 
it  appears  that  repetition  of  traffic  loads  has 
exerted  a  slight  but  only  a  slight  influence  on 
the  development  of  transverse  cracks.  Since 
approximately  two-thirds  of  the  total  or 
present  number  of  cracks  formed  during  the 
first  year,  when  only  51.2  percent  formed  in  the 
right-hand  lane,  the  effect  of  traffic  repetition 
on  subsequent  cracking  is  somewhat  more 
pronounced  than  is  indicated  by  the  preceding 
percentage  values. 

Figure   17  was  prepared  to  show  the  in- 
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Figure  17. — Effect  of  traffic  on  the  amount 
of  cracking. 

fluence  of  traffic  on  cracking  during  specific 
periods  of  the  life  of  the  pavement.  For  the 
periods  indicated  by  the  circled  numbers, 
each  individual  bar  represents  the  number  of 
cracks  that  formed  in  the  heavily  traveled 
right-hand  lane  expressed  as  a  percentage  of 
those  that  formed  in  both  lanes  of  the  pave- 
ment. It  will  be  noted  that  an  equal  number 
of  cracks  appeared  in  both  lanes  of  the  pave- 
ment within  the  first  month  or  two  after 
construction.  During  each  subsequent  period 
a  progressively  greater  number  of  cracks 
formed  in  the  heavily  traveled  lane  than  in  the 
passing  lane  until  a  maximum  value  of  62  per- 
cent was  reached  for  the  period  covering  the 
third  to  fifth  years  of  pavement  life.  During 
the  last  5  years  about  55  percent  of  all  new 
cracks  developed  in  the  right-hand  lane  of  the 
pavement. 

Also,  as  will  be  seen  by  an  examination  of 
the  data  in  tables  4  and  5,  traffic  has  had  an 
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Figure  18. — Rate  of  crack  development  during  the  first  10  years  of  pavement  life. 
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appreciable  effect  on  both  the  surface  and  the 
real  widths  of  the  transverse  cracks.  Com- 
parisons of  the  average  widths  of  cracks  in  the 
right-hand  lane  with  those  of  companion 
cracks  in  the  passing  lane  are  given  in  table  6. 
It  is  apparent  that  the  heavier  traffic  using 
the  right-hand  lane  has  produced  more  ex- 
tensive raveling  and  other  superficial  damage 
at  the  crack  edges  and  a  wider  separation  of 
the  fractured  faces  than  the  lighter  traffic  on 
the  left-hand  lane.  This  effect  of  traffic  is 
naturally  more  pronounced  in  the  case  of  the 
surface  widths  of  the  cracks. 

Rate  and  Distribution  of  Cracking 

Figure  18  shows  the  manner  in  which  crack- 
ing has  developed  with  respect  to  periods  of 
time.  In  this  figure  the  sections  were  grouped 
according  to  length,  as  short,  20-120  feet; 
intermediate-length,  120-470  feet;  and  long, 
470-1,310  feet. 

Thirty-one  percent  of  the  total  or  present 
number  of  cracks  in  the  long  sections  and  11 
percent  of  those  in  the  intermediate-length 
sections  appeared  within  approximately  1 
month  after  construction.  Few  cracks  oc- 
curred during  the  first  winter,  none  in  the  short 
sections.  However,  the  rate  of  cracking  was 
quite  high  for  all  groups  during  the  period 
that  followed,  a  period  that  included  the 
interval  between  late  March  and  late  October 
of  the  first  year. 

The  survey  made  at  the  end  of  this  first  year 
of  service  showed  65  percent  of  the  present 
cracking  had  developed  in  the  long  sections, 
75  percent  in  the  intermediate-length  sections, 
and  25  percent  in  the  short  sections. 


On  the  basis  of  all  transverse  cracks  that 
have  developed  during  the  10-year  period  of 
service,  it  is  of  interest  that  67  percent  had 
appeared  by  the  end  of  the  first  year.  After 
the  first  year  the  rate  has  been  quite  low  and, 
in  general,  rather  uniform.  Between  length 
groups  the  highest  rate  has  been  in  the  short 
sections. 

In  figure  19  is  shown  the  distribution  of 
cracking  for  representative  sections,  ex- 
pressed as  the  number  of  cracks  per  50  feet  of 
section.  The  data  indicate  that  the  number  of 
cracks  per  50-foot  increment  increases  from  a 
minimum  value  at  the  end  of  a  section  to  a 
maximum  value  in  the  central  area,  in  a 
generally  normal  frequency  distribution  pat- 
tern; and  that  the  maximum  values,  as  found 
in  the  central  area  of  the  sections,  increase 
progressively  with  increase  in  section  length. 

It  will  be  noted  that  the  symmetry  of  crack- 
ing in  the  experimental  sections  is  not  only 
indicative  of  structural  uniformity,  but  also 
implies  that  the  nonuniformity  of  the  eleva- 
tion changes  that  developed  in  the  pavement, 
as  mentioned  earlier  in  the  report,  apparently 
had  little  effect  on  the  formation  of  cracks. 

The  manner  in  which  cracking  developed  in 
the  sections  is,  in  some  respects,  shown  to 
better  advantage  in  figure  19  than  in  figure  18, 
especially  since  the  distribution  of  cracking 
for  the  various  time  periods  is  given  in  the 
latter  figure. 

The  magnitude  and  distribution  of  the 
cracking  that  appeared  within  approximately 
1  month  after  construction  of  the  sections  are 
shown  as  the  first  time  period.  During  this 
period  no  cracks  were  found  in  sections  having 


Table  6. — Comparison  of  average  widths  of 
cracks  in  right-hand  lane  with  widths  of 
companion  cracks  in  left  lane 


Percentage  of 
longitudinal 
steel  in  sec- 
tion 

Ratio  of  crack 

width  in 
right-hand 
lane  to  that 
in  left  lane. 

Surface  Crack  Width 

0.26 

.45 

1.02 

1.82 

3.1:1 
2.7:1 
2.4:1 
2.7:1 

Real  Crack  Width 

0.24 

.45 
1.82 

1.3:1 
1.2:1 
2.0:1 

lengths  of  210  feet  or  less,  and  only  a  limited 
number  in  the  central  portion  of  sections  with 
lengths  between  270  and  360  feet;  but  a  con- 
siderable number  were  found  in  the  600-  and 
1,070-foot  sections  at  some  distance  from  the 
ends.  Since  the  cracking  during  this  period 
appeared  only  in  the  central  areas  of  the  longer 
sections,  it  is  believed  that  it  had  its  origin 
primarily  in  the  tensile  stresses  induced  by 
subgrade  resistance  during  shrinkage  of  the 
sections  either  from  loss  of  moisture,  decrease 
in  pavement  temperature,  or  both. 

The  second  time  period  covers  the  first 
winter  after  construction.  The  survey  at  the 
end  of  the  winter  indicated  that  sections 
having  lengths  of  210  feet  or  less  were  still 
uficracked  and  that  only  a  small  amount  of 
cracking,  spottily  distributed,  had  developed 
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Figure  19. — Distribution  of  cumulative  cracking  per  50  feet  of  section  length  in  the  first  10  years  of  pavement  life. 


PUBLIC  ROADS  •  Vol.  26,  No.  1 


17 


o 

r- 

UJ 

UJ 

u. 

o 
m 

(T 
UJ 

o. 

o 
< 
q: 
o 

u. 
O 

oc 

UJ 
CD 

Z 


24 


20 


16 


12 


600- FOC 

T  SECTION 

< 

830- 

-  FOOT  SEC 

TION 

t 

0 

/  0 
/ 

of 

1° 

1070- 

■  FOOT  SECTION 

s° 

o  ^ _ 

0/ 

K^X^) 

1310-  FOOT 

SECTION 

<L 

o    / 

/o 

o 

/o 

/o 

o  / 

/  ° 

o  / 

o  / 

4    0 


2  4  60  2  4  60 

DISTANCE   FROM  EN0  OF  SECTION-  HUNDREDS  OF  FEET 


Figure  20. 


-Frequency  distribution  of  cracking  at  the  end  of  10  years  for  sections  reinforced  with  1-inch  diameter  rail-steel  bars  (1.82 

percent  steel):  average  of  both  hines. 


in  sections  having  lengths  equal  to  or  greater 
than  270  feet.  The  relative  absence  of  crack 
development  during  this  period  indicates  that 
the  nonuniform  changes  in  pavement  eleva- 
tion caused  by  frost  penetration  of  the  sub- 
grade  had  little  influence  upon  cracking;  and 
that  tensile  stresses  from  subgrade  resistance 
were  no  greater  during  the  winter  period  than 
during  the  preceding  fall.  This  supports  the 
conclusion  drawn  from  the  data  of  figure  9. 

In  the  thiid  time  period,  between  late 
March  and  late  October  of  the  first  year,  a 
noticeable  change  occurred  in  the  crack 
development  in  all  of  the  sections.  In  fact, 
a  large  percentage  of  the  cracks  now  present 
in  sections  having  lengths  of  360  feet  or  less, 
and  in  the  end  areas  of  the  longer  sections, 
formed  sometime  during  this  period.  Such 
cracking  is  believed  to  have  been  caused 
primarily  by  stresses  induced  by  restrained 
warping.  Unfortunately,  the  pavement  was 
not  surveyed  in  midsummer  so  it  is  not  possible 
to  determine  more  closely  the  part  of  this 
time  period  during  which  cracks  formed. 
However,  it  is  suspected  that  the  cracks 
developed  in  large  part  during  late  spring 
and  early  summer  when  warping  stresses  are 
generally  highest  for  the  year.  The  fractures 
that  formed  at  some  distance  from  the  ends 
of  the  longer  sections  may  have  resulted, 
also,  from  stress  combinations  existent  in 
early  fall  when  the  sections  were  contract  inn 
after  having  attained  their  maximum  annual 
unrestrained  lengths. 

During  the  fourth  time  period,  which  covers 
I  he  second  and  third  years  after  construction, 
the  development  of  new  cracks  was  confined 
primarily  to  the  central  areas  of  the  long 
sections.  The  relatively  small  number  of 
fractures  that  appeared  during  this  period 
and  during  the  succeeding  fifth  time  period 
(fourth  and  fifth  years)    greatly  reduced  the 


rate  of  crack  development.  Within  the  sixth 
and  last  time  period  of  this  study,  from  the 
fifth  through  the  tenth  3'ears  of  pavement 
service,  the  greatest  number  of  cracks  again 
have  formed  in  the  central  areas  of  the  long 
sections,  suggesting  a  continued  high  stress 
condition  in  those  regions. 

Crack  Frequency  Patterns 

Frequency  distribution  curves  for  the 
cracking  that  existed  at  the  end  of  10  years  in 
the  four  sections  comprising  the  group  rein- 
forced with  1.82  percent  of  longitudinal  steel 
(1-inch  rail-steel  bars)  are  shown  in  figure  20. 

The  ordinate  values  represent  the  number 
of  cracks  per  50  feet  of  section  and  the 
corresponding  abscissas  are  distances  from  the 
end  of  the  section  to  the  centers  of  the  50-foot 
lengths  to  which  the  ordinate  values  apply. 
For  example,  at  point  A  in  the  figure  there  are 
nine  cracks  in  the  50-foot  length  which  lies 
between  150  and  200  feet  from  the  end  of  the 
1 , 070-foot  section. 

It  is  apparent  that:  (1)  For  some  distance, 
beginning  at  the  end  of  a  section,  the  crack 
frequency  for  successive  50-foot  increments 
increases  directly  with  increase  in  distance; 
(2)  the  length  over  which  the  linear  relation 
holds  increases  progressively  with  increase  in 
section  length;  and  (3)  the  slopes  of  the  linear 
portions  of  the  curves  appear  to  be  nearly  the 
same  for  the  different  section  lengths.  It  is 
believed  that  the  frequency  of  cracking  in  the 
sections  reflects,  to  a  considerable  extent,  the 
stress  distribution  in  the  longitudinal  steel  as 
induced  by  subgrade  resistance. 

Frequency  distribution  curves  were  con- 
structed for  all  sections  having  lengths  equal 
to  or  greater  than  150  feet.  From  these 
curves  the  maximum  cracking  frequency 
value  (number  of  cracks  per  50  feet  of  section 


in  the  central  area)  was  determined  for  each 
section.  Figure  21  shows,  for  each  of  the 
three  types  of  reinforcement,  the  relation 
established  by  plotting  such  frequency  values 
against  the  corresponding  section  lengths. 
In  order  to  show  possible  effects  of  the 
stresses  in  the  steel,  the  maximum  computed 
steel  stresses  are  indicated  by  symbol. 

It  is  apparent  that  the  maximum  cracking 
frequency  increases  with  an  increase  in  section 
length,  the  relation  being  nearly  linear  for 
section  lengths  between  400  and  1,000  feet. 
For  section  lengths  greater  than  about  1,000 
feet  the  curves  depart  from  linearity,  indi- 
cating that  a  condition  of  complete  restraint 
is  being  approached.  This  suggests  that 
sections  having  lengths  somewhat  greater 
than  1,000  feet,  possibly  the  1,700-1,800-foot 
length  mentioned  in  the  discussion  of  figure  9, 
would  develop  complete  restraint  in  the  cen- 
tral region  and  that  sections  of  this  length  or 
greater  would  have  equal  maximum  cracking 
frequencies  irrespective  of  their  over-all 
lengths. 

The  10-year  data  indicate  that  an  interval 
between  cracks  in  this  region  of  complete 
restraint  might  be  expected  to  be  approxi- 
mately 2.0  to  2.5  feet. 

Effect  of  Reinforcement  Type 

The  data  shown  in  figure  21  indicate  that 
the  type  of  reinforcement  has  only  a  slight 
effect  on  maximum  cracking  frequency.  For 
example,  within  the  length  range  of  sections 
containing  welded-wire  fabric,  the  maximum 
cracking  frequency  values  are  only  slightly 
less  than  those  for  sections  of  comparable 
length  reinforced  with  billet-  or  rail-steel  bars. 
Comparing  the  bar-reinforced  sections,  it 
appears  that  the  maximum  cracking  frequency 
values  are  slightly  greater  for  billet-  than  for 
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rail-steel  bars  (at  1,000  feet  these  values  are 
18.8  and  17.0,  respectively). 

On  the  other  hand,  it  will  be  noted  that  all 
symbols  denoting  the  various  magnitudes  of 
computed  steel  stresses  fall  very  close  to  the 
mean  curves,  indicating  that,  within  the  range 
of  steel  percentages  in  sections  of  common 
length,  a  variation  in  the  amount  of  steel  is 
not  accompanied  by  a  corresponding  variation 
in   maximum   cracking   frequency. 

Because  of  conservative  design  assumptions, 
the  relation  between  amounts  of  reinforcing 
steel  and  the  section  lengths  are  such  that  the 
steel  has,  in  all  probability,  never  been  stressed 
beyond  its  elastic  limit.  Therefore,  if  rein- 
forcement which  is  adequate  for  a  given  sec- 
tion length,  say  400  feet,  had  been  used  for  the 
entire  range  of  section  lengths,  the  relations 
shown  in  figure  21  would  not  obtain  and 
differences  due  to  variations  in  the  maximum 
steel  stresses  might  have  appeared.  The 
longer  sections  would  probably  either  sub- 
divide due  to  breakage  of  the  steel  or  contain 
fewer  but  wider  cracks  as  a  result  of  inelastic 
deformation  of  the  steel. 

Another  analysis  of  the  data  that  is  of  in- 
terest is  shown  in  figure  22  in  which  the  aver- 
age slab  length,  after  10  years  of  service, 
is  plotted  against  section  length  as  constructed. 
In  this  figure  separate  curves  are  given  for 
each  of  the  three  types  of  reinforcement, 
and  the  maximum  steel  stresses  as  computed 
during  the  designing  of  the  sections  are  in- 
dicated by  symbol.  Slab  length  is  defined 
as  the  distance  between  transverse  cracks  or 
joints,  all  joints  being  considered  as  cracks. 
Each  point  defining  the  curves  is  an  average 
value  of  either  two,  four,  or  six  sections. 

Although  the  points  defining  the  curves 
appear  to  be  somewhat  erratic  for  sections  up 
to  approximately  200  feet  in  length,  it  is 
believed  that  this  is  a  statistical  effect  caused 
by  the  relatively  small  number  of  cracks  in 
sections  of  these  lesser  lengths. 

It  is  apparent  that  the  three  curves  of  figure 
22  follow  the  same  general  pattern;  that  is, 
the  average  slab  length  increases  with  an 
increase  in  section  length  until  a  peak  value 
is  reached,  beyond  which  there  is  a  rapid 
decrease  in  average  slab  length  that  becomes 
more  gradual  and  finally  approaches  a  con- 
stant value  for  the  longer  sections.  In  the 
case  of  the  1,310-foot  section  the  present  value 
of  the  average  slab  length  is  4.2  feet.  At  the 
end  of  the  first  and  fifth  years  this  value  was 
7.0  and  5.1  feet,  respectively. 

The  type  of  reinforcement  has  quite  an 
obvious  effect  on  the  relation  between  section 
length  and  average  slab  length,  especially  in 
the  case  of  the  shorter  sections.  The  greatest 
average  slab  length  for  the  sections  containing 
welded  fabric  is  109  feet,  which  was  reached 
at  an  optimum  section  length  of  135  feet.  In 
the  case  of  the  billet-steel  bars  the  value  is  97 
feet,  attained  at  an  optimum  section  length  of 
115  feet ;  but  for  the  rail-steel  bars  this  value  is 
only  48  feet,  the  corresponding  section  length 
being  90  feet. 

The  differences  in  the  peak  slab-length 
values  and  corresponding  optimum  section 
lengths  for  the  three  types  of  reinforcement 
cannot  be   fully  explained.      There  are,    how- 
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Figure  21. — Effect  of  type  of  reinforcement  and  of  calculated  maximum  steel  stress  on  the 
relation  between  section  length  and  maximum  cracking  frequency  at  age  of  10  years. 


ever,  two  conditions  that  may  have  had  some 
influence  on  the  data  shown.  First,  in  that 
part  of  the  curves  which  pertains  to  the  shorter 
sections,  there  are  fewer  points  defining  the 
curve  in  the  case  of  the  rail-steel  bars  than  in 
the  case  of  the  other  types  of  reinforcement. 
Second,  in  all  sections  reinforced  with  welded 
fabric  and  in  all  seel  ions,  except  one,  with 
lengths  of  270  feet  or  less  reinforced  with 
billet-steel  bars,  the  coarse  aggregate  used  in 


the  concrete  consisted  of  a  mixture  of  small- 
size  gravel  with  large-size  crushed  limestone; 
whereas  in  sections  reinforced  with  rail-steel 
bars  the  coarse  aggregate  used  in  the  concrete 
was  entirely  the  crushed  limestone.  There  is 
no  other  evidence,  however,  that  the  difference 
in  coarse  aggregate  mentioned  affected  in  any 
way  the  behavior  or  present  condition  of  the 
sections. 

The  data  of  figure  22  mean  that,  under  the 
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conditions  obtaining  in  this  experimental  pave- 
ment, the  longest  average  slab  lengths  are 
found  at  the  so-called  "optimum"  section 
lengths.  Hence,  if  one  were  interested  only 
in  a  minimum  number  of  transverse  cracks  and 
joints,  these  data  suggest  that  in  reinforced 
concrete  pavements  the  transverse  joints  be 
spaced  approximately  100  feet  apart.  How- 
ever, as  this  investigation  strikingly  shows,  a 
longer  section  with  many  transverse  cracks 
can  continue  to  be  a  strong,  durable  structural 
unit  after  many  years  of  heavy  traffic  service 
if  it  contains  an  adequate  amount  of  longitu- 
dinal reinforcement. 

In  the  relations  shown  in  figure  22,  the 
maximum  computed  steel  stress  values  appar- 
ently have  no  influence  on  the  amount  of 
cracking  in  a  given  section  length.  This  is 
concordant  with  the  relations  shown  in  figure 
21. 

Part  4.— BEHAVIOR  OF  THE  SPECIAL 
SECTIONS 

The  four  special  500-foot  sections  containing 
weakened-plane  warping  joints  at  10-foot 
intervals  have  been  subjected  to  the  same  close 
study  as  have  the  regular  sections. 

It  will  be  recalled  that  in  each  of  the  four 
special  sections,  relatively  light  welded-fabric 
reinforcement  was  placed  continuously  through 
all  of  the  weakened-plane  warping  joints  over 
the  500-foot  section  length.  The  bond  be- 
tween the  steel  and  the  concrete  was  destroyed 
purposely  for  a  distance  of  18  inches  on  each 
side  of  each  joint  by  omitting  two  transverse 
wires,  one  on  either  side  of  the  joint,  and  by 
greasing  the  longitudinal  wires  over  the  36- 
inch  length.  In  addition  to  the  continuous 
reinforcement,  shear  bars  consisting  of  %-inch 
diameter  dowels  18  inches  long,  spaced  12 
inches  center  to  center,  were  placed  across  the 
warping  joints  in  one-half  of  each  of  the  four 
sections. 

The  distinguishing  features  of  the  four  500- 
foot  special  sections  are  as  follows: 

Section  1. — Weakened-plane  joints  are  of 
the  submerged  type  and  the  reinforcement 
weighs  91  pounds  per  100  square  feet. 

Section  2. — Same  as  section  1,  except  that 
the  reinforcement  weighs  45  pounds  per  100 
square  feet. 

Section  3. — Weakened-plane  joints  are  of 
the  surface-groove  type  and  the  reinforcement 
weighs  91  pounds  per  100  square  feet. 

Section  4. — Same  as  section  3,  except  that 
the  reinforcement  weighs  45  pounds  per  100 
square  feet. 

Through  the  design  features  of  these  special 
sections  it  was  proposed  to  develop  informa- 
tion on  the  practicability  of  a  pavement  design 
in  which  transverse  crack  control  was  ob- 
tained by  means  of  relatively  short  slab  units 
(10  feet)  with  pavement  continuity  obtained 
by  the  use  of  continuous  longitudinal  rein- 
forcement. Other  information  sought  per- 
tained to  the  amount  of  longitudinal  steel 
necessary  to  resist  the  tensile  forces  created 
by  subgrade  resistance  in  a  section  of  this 
length;  the  value  of  the  design  feature  in 
which  bond  was  deliberately  destroyed  for  18 
inches  on  either  side  of  the  joint;  and  the 
necessity   for  protection   of   the   longitudinal 
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reinforcement  against  shear  in  the  transverse 
joints  by  means  of  dowels  used  to  develop 
shear  resistance.  It  was  thought  that  such 
protection  probably  would  be  necessary  be- 
cause of  the  relatively  large  joint  opening 
expected  from  elastic  elongation  of  the  longi- 
tudinal steel  over  the  36  inches  of  unbonded 
length  at  the  transverse  joints. 

During  a  drop  in  pavement  temperature,  a 
continuously  reinforced  section  naturally  at- 
tempts to  contract  about  the  center  of  the 
section  length.  At  the  same  time,  the  indi- 
vidual segments  or  slab  units  of  the  section 
are  attempting  to  contract  about  their  indi- 
vidual centers.  The  amount  that  these  in- 
dividual segments  contract  should  equal  the 
elongation  of  the  steel  crossing  the  fractures 
that  define  their  lengths.  This  elongation  of 
the  steel  is  dependent  upon  the  magnitude  of 
the  stress  induced  in  it  by  resistance  as  the 
segments  tend  to  move  over  the  subgrade ;  and 
upon  the  length  over  which  the  bond  between 
the  steel  and  concrete  is  destroyed — that  is, 
the  length  over  which  this  stress  is  effective. 


Thus,  by  subdividing  the  500-foot  special 
sections  into  10-foot  slab  lengths  so  that 
during  a  large  temperature  drop  the  contractive 
length  change  of  an  individual  slab  unit 
would  be  relatively  small,  and  by  breaking  the 
bond  for  36  inches  at  each  separation  between 
slabs  so  that  the  elongation  of  the  steel  could 
be  relatively  great  without  exceeding  the 
elastic  limit,  it  seemed  that  a  certain  degree 
of  control  over  the  movement  of  a  section 
should  be  gained  without  rupturing  the  re- 
inforcing steel.  For  example,  during  a 
sudden  drop  in  pavement  temperature  when 
subgrade  resistance  is  relatively  great,  the 
continuous  reinforcement  would  simulate  a 
steel  spring  at  each  transverse  joint — elongat- 
ing and  permitting  the  slab  units  to  contract 
about  their  individual  centers,  and  subse- 
quently contracting  and  drawing  the  units 
together  as  the  subgrade  resistance  decreased. 

Failures  at  Joints 

From  the  standpoint  of  design,  all  of  the 
special  sections  behaved  satisfactorily  during 
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Table  7. — Steel  failures  at  joints  in  the  spe- 
cial sections  at  the  end  of  10  years 


'; -f,**.^.  . 


■ 


Joint  type 

45-pound 
fabric 

91 -pound 
fabric 

Surface  type: 

With  dowels 

0 
9 

2 
4 

0 

2 

0 
1 

Submersed  type: 

Without  dowels 

the  first  3  years  of  pavement  service.  Then 
the  reinforcing  steel  began  to  fail  at  the  joints. 
During  the  condition  survey  at  the  end  of  3 
years  two  breaks  in  the  reinforcing  steel  were 
discovered,  both  at  joints  in  the  sections 
containing  the  45-pound  wire  fabric  and  both 
at  joints  without  shear  bars,  one  of  the  breaks 
being  only  60  feet  from  the  end  of  a  section. 
After  5}i  years  the  reinforcement  was  either 
found  to  be  broken  or  suspected  of  being 
broken  at  seven  of  the  joints.  All  of  these 
failures  developed  at  joints  without  shear 
bars  and  in  the  sections  reinforced  with  the 
45-pound  wire  fabric.  At  the  end  of  10  years 
the  reinforcing  steel  was  either  broken  or 
elongated  beyond  its  elastic  limit  at  18  of 
the  joints.  The  distribution  of  these  steel 
failures  is  given  in  table  7. 

From  table  7  it  will  be  noted  that  16 
failures  were  at  joints  without  shear  bars; 
15  failures  developed  in  sections  reinforced  with 
the  45-pound  wire  fabric;  7  and  11,  respective- 
ly, were  found  in  sections  constructed  with  the 
submerged  and  the  surface-groove  type  of 
joints;  and  none  occurred  in  the  halves  of  the 
sections  provided  with  shear  bars  at  the 
joints  and  containing  the  91 -pound  wire 
fabric.  The  effect  of  such  failures  will  be 
discussed  in  parts  5  and  6  of  this  report. 

The  fact  that  all  of  the  earlier  failures  of 
the  reinforcing  steel  and  approximately  90 
percent  of  those  now  present  occurred  at 
joints  having  no  shear  bars  indicates  that 
shearing  forces  caused  by  loads  passing  over 
the  joints  were  primarily  responsible  for  the 
steel  failure.  However,  it  is  possible  for  a 
progressive  separation  to  develop  at  a  joint 
and  eventually  overstress  the  reinforcing  steel. 
Infiltration  of  solid  material  would,  in  time, 
cause  a  permanent  opening  of  the  joint  and 
dissipate  all  or  part  of  the  elastic  elongation 
of  the  steel  in  the  36  inches  of  unbonded  length 
across  the  joint.  Subsequently,  during  con- 
traction periods,  the  steel,  if  small  in  amount 
as  in  the  500-foot  special  sections,  might  be 
subjected  to  direct  tensile  stresses  sufficiently 
large  to  cause  failures.  Such  action  might 
account  for  the  two  cases  of  steel  failure  ob- 
served at  the  joints  provided  with  shear  bars. 
These  developed  after  the  pavement  had  been 
in  service  for  8  years.  Both  occurred  at  some 
distance  from  the  ends  of  sections  containing 
the  45-pound  wire  fabric  and  both  were  at 
joints  of  the  surface-groove  type. 

Surface  Condition  of  Weakened- 
Plane  Joints 

Figure  23  shows  photographs,  taken  after  10 
years,  of  two  of  the  submerged  type,  weakened- 
plane  joints  at  which  the  reinforcing  steel  was 
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Figure  23. — Two  of  the  submerged -type,  weakened -plane  joints  after  10  years  of  service: 
Extreme  cases  of  straight  and  irregular  cracking  over  the  bottom  parting  strip. 


unduly  inelastically  elongated  but  not  broken 
insofar  as  could  be  determined.  These  two 
joints  were  selected  as  extreme  cases  of 
straight  and  irregular  cracking  over  the  sub- 
merged parting  strips  used  in  creating  this 
type  of  joint.  The  fractures  that  formed  over 
these  strips  were,  in  general,  meandering  in 
character  and  were  much  wider  than  those 
that  developed  in  the  regular  sections  con- 
taining comparable  percentages  of  continu- 
ously bonded  reinforcement.  Under  the  in- 
fluence of  traffic  and  exposure  the  edges  of  the 
fractures  have  raveled  and  spalled  to  a  con- 
siderable width,  creating  a  rather  unsightly 
surface  condition.  This  condition  developed 
most  rapidly  during  the  first  2  or  3  years  of 
service.  Subsequently  the  deterioration  in 
surface  condition  has  been  gradual. 

The  condition  of  the  weakened-plane  joints 
of    the    surface-groove    type    was    excellent, 


Figure  24. — Present  condition  of  a  surface- 
type,  weakened-plane  joint,  typical  of 
those  at  which  the  continuous  reinforce- 
ment is  structurally  sound. 


initially,  and  continued  to  remain  so  except 
where  there  has  been  failure  of  the  reinforcing 
steel.  The  present  appearance  of  a  typical 
joint  is  shown  in  figure  24.  Very  little  main- 
tenance has  been  required  at  these  joints,  so 
long  as  the  steel  remained  structurally  sound, 
since  the  comparatively  small  length  changes 
of  the  10-foot  units  are  conducive  to  well- 
sealed  conditions. 

Progressive  Changes  at  Joints 

Daily,  annual,  and  progressive  changes  in 
the  widths  of  the  joints  of  the  four  special 
sections  were  measured  during  the  same 
periods  as  those  of  the  regular  sections.  In 
figure  25  are  shown  the  annual  and  progressive 
changes  in  the  widths  of  the  joints,  plotted 
with  respect  to  base  measurements  taken 
during  the  first  winter  after  construction. 
The  width  changes  of  the  expansion  joints  are, 
in  reality,  length  changes  of  the  sections  as 
determined  by  measurement  to  fixed  reference 
points  located  at  their  ends.  Attention  is 
called  to  the  differences  in  the  vertical  scales 
used  for  the  width  changes  of  the  expansion 
and  weakened-plane  warping  joints,  this 
being  necessary  because  of  the  relatively  small 
magnitude  of  the  width  changes  of  the  latter. 
The  lengths  of  the  stippled  bars  indicate 
changes  in  width  that  occurred  at  the  joints 
during  an  annual  cycle.  These  changes 
should  be  nearly  maximum  for  such  a  cycle 
since  an  attempt  was  made  to  obtain  the 
measurements  during  the  hottest  and  coldest 
periods  of  the  year.  All  measurements  in  a 
given  section  were  discontinued  as  soon  as  the 
first  failure  in  the  reinforcing  steel  was  noted. 

It  is  apparent  in  figure  25  that,  in  spi'e  of 
the  continuity  of  the  reinforcing  steel  through- 
out the  length  of  a  section,  the  expansion 
joints  closed  and  the  weakened-plane  joints 
opened  progressively  with  time.  These  pro- 
gressive changes  are  in  the  same  sense  as  those 
irved  in  plain  concrete  pavements  built 
with  expansion  joints  and  closely  spaced 
weakened-plane  contraction  joints.  It  has 
been  observed,  also,  that  the  progressive  clos- 
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Figure  25. — Annual  and  progressive  joint  width  changes  of  the  500-foot  sections  containing  warping  joints  at  10-foot  intervals :   Values 
above  the  zero  line  denote  opening;  those  below,  closing,  of  the  joint  with  respect  to  the  base  readings  of  December  1938. 


ure  of  expansion  joints  at  the  end  of  3  years 
has  been  less  in  sections  reinforced  with  the 
91-pound  wire  fabric  than  in  those  containing 
the  45-pound  wire  fabric;  and  less  in  sections 
with  the  surface-type  joints  than  in  those  with 
the  submerged  type.  This  latter  observa- 
tion implies  that  extraneous  material  infil- 
trates more  readily  into  the  submerged-type 
joints,  indicating  that  joints  of  this  type  are 
more  difficult  to  seal.  The  behavior  of  the 
weakened-plane  warping  joints  is  somewhat 
erratic  and,  other  than  the  fact  that  a  pro- 
gressive opening  has  developed  in  all  cases, 
clear-cut  trends  are  not  apparent. 

As  remarked  before,  one  of  the  purposes  of 
the  longitudinal  steel  in  these  500-foot  special 
sections  was  to  hold  the  slab  units  of  the  sec- 
tions together,  as  much  as  possible,  during 
contraction  periods.  In  this  respect  it  is 
clearly  shown  in  figure  25  that  the  reinforcing 
steel,  especially  the  heavier  fabric,  exercises 
considerable  control  over  the  behavior  of  the 
sections  during  such  periods.  Measurements 
of  the  over-all  section-length  changes  at  the 
ends  of  the  two  sections  reinforced  with  the 
91-pound  wire  fabric  showed  1.09  and  1.13 
inches,  respectively,  for  a  mean  pavement 
temperature  drop  of  77°  F.  that  occurred 
between  midsummer  and  midwinter  of  the 
second  annual  contraction  period.  This  is 
shown  in  figure  25  as  the  difference  between 


the  lower  end  of  the  second  bar  and  the  upper 
end  of  the  third  bar  in  each  of  the  four  graphs 
marked  .4.  These  values  represent  approxi- 
mately 77  percent  of  the  annual  contractive 
change  of  a  section  of  equal  length,  but  con- 
taining heavier,  continuously  bonded  rein- 
forcement such  as  was  used  in  the  regular 
sections.  For  the  same  temperature  change 
the  length  changes  of  the  two  500-foot  special 
sections  reinforced  with  the  45-pound  wire 
fabric  were  0.67  and  0.71  inch,  respectively, 
or  about  48  percent  of  the  length  changes  of 
the  comparable  sections  of  the  regular  group. 
A  similar  comparison  of  the  daily  contractive 
length  changes  of  the  special  sections  with 
those  of  the  section  containing  the  continu- 
ously bonded  steel  results  in  values  of  approxi- 
mately 54  and  37  percent,  respectively,  for 
the  91-  and  45-pound  wire  fabric. 

These  comparisons  show  that  the  pattern 
of  movement  of  the  ends  of  the  500-foot 
special  sections,  although  of  less  amplitude, 
is  similar  to  that  observed  in  the  regular  sec- 
tions containing  continuously  bonded  steel. 
It  is  apparent  that  during  periods  of  contrac- 
tion the  heavier  of  the  two  weights  of  rein- 
forcement in  the  special  sections  was  more 
effective  in  holding  together  the  individual 
slab  units;  and  that  both  weights  of  reinforce- 
ment were  more  effective  during  annual 
periods  than  during  daily  periods. 


It  is  of  considerable  interest  that  the  small 
amount  of  longitudinal  steel  in  the  sections 
reinforced  with  the  45-pound  wire  fabric  was 
able  to  cause  contraction  of  the  entire  500-foot 
section  without  steel  failure.  By  any  reason- 
able assumptions  this  would  indicate  that, 
when  such  contraction  occurred,  the  coeffi- 
cient of  subgrade  resistance  was  very  much 
lower  than  the  value  of  1.5  assumed  when  the 
regular  sections  were  designed.  It  appears 
also  that  the  coefficient  of  resistance  is  smaller 
for  the  slow  annual  changes  in  length  than  it 
is  for  the  more  rapid  daily  changes,  this  being 
in  agreement  with  data  obtained  on  the  regular 
sections. 

Part  5.— THE  OCCURRENCE  OF  PUMPING 

It  is  generally  conceded  that  three  factors 
are  necessary  for  the  development  of  pumping 
at  joints  or  cracks  in  concrete  pavements: 
(1)  frequent  repetition  of  heavy  axle  loads 
and  accompanying  large  vertical  movements 
of  slab  edges;  (2)  fine-grained  subgrade  soils; 
and  (3)  free  water  under  the  pavement  slab. 
Since  the  experimental  sections  were  con- 
structed as  a  part  of  a  heavily  traveled  route, 
one  of  the  factors,  repetition  of  heavy  axle 
loads,  is  always  present.  Moreover,  the 
pavement  was  placed  on  a  fine-grained  sub- 
grade  soil  that  would  be  considered  conducive 
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to  pumping.  The  soil  analysis,  shown  in 
table  8,  was  based  on  samples  taken  from  the 
finished  subgrade  at  intervals  of  approximately 
500  feet.  Referring  to  the  average  values 
of  the  table,  it  is  observed  that  the  combined 
amount  of  silt  and  clay  was  65  percent  of  the 
total. 

Early  in  the  life  of  the  pavement,  pumping 
began  to  appear  at  some  of  the  bridge-type 
joints  which  were  used  to  create  the  wider 
separations  between  the  longer  and  conse- 
quently more  heavily  reinforced  sections. 
These  joints  had  no  medium  for  load  transfer 
except  the  steel  cover  plate.  After  10  years 
most  joints  of  this  type  were  pumping  and 
it  has  been  noted  that  this  action  in  some 
instances  has  resulted  in  serious  faulting  with 
transverse  cracking  of  the  forward  and  some- 
times the  approach  slab.  Of  special  interest 
is  the  fact  that,  in  spite  of  the  faulting,  the 
heavy  reinforcement  has  thus  far  held  closed 
all  cracks  in  the  pavement  areas  adjacent  to 
these  joints.  After  7  or  8  years  pumping  was 
observed  at  some  of  the  conventional  dowel 
joints  which  separate  the  shorter  sections. 
To  date,  however,  the  action  at  these  joints 
has  been  so  slight  that  faulting  is  negligible 
and  fracturing  of  the  slabs  has  not  occurred. 
At  the  end  of  10  years  the  performance 
survey  showed  that,  with  two  exceptions,  the 
only  evidence  of  pumping  in  the  entire  pave- 
ment was  in  the  vicinity  of  the  transverse 
joints.  One  of  the  exceptions  was  the  develop- 
ment of  pumping  at  two  of  the  cracks  that 
formed  in  the  sections  containing  the  32- 
pound  wire  fabric.  As  stated  before,  the 
reinforcing  steel  ruptured  at  several  cracks 
in  these  sections,  allowing  wide  separations. 
Pumping  appeared  shortly  after  the  reinforce- 
ment failed. 

The  other  exception  was  the  appearance  of 
pumping  at  one  point  along  the  edge  of  the 
heavily  traveled  lane  some  distance  from  the 
end  of  one  of  the  most  heavily  reinforced  sec- 
tions. This  condition  was  observed  during  the 
survey  at  the  age  of  10  years.  Mud  was  not 
being  ejected  through  any  of  the  cracks,  but 
was  appearing  at  the  shoulder  and  the  pave- 
ment edge.  The  cracks  in  the  immediate  vi- 
cinity were  seemingly  as  tightly  closed  and  as 
nearly  watertight  as  any  in  the  section.  For 
this  reason,  it  is  believed  that  water  reached 
the  subgrade  by  some  other  channel,  along  the 
pavement  edge  or  possibly  through  the  longi- 
tudinal joint.  At  three  consecutive  cracks  in 
the  immediate  vicinity  of  the  pumping,  where 
the  crack  interval  is  about  2.5  feet,  the  edges 
of  the  cracks  on  the  pavement  surface  are 
raveled  or  chipped  to  a  more  pronounced  ex- 
tent than  at  the  other  cracks  in  the  section, 
indicating  that  the  segments  of  pavement  have 
been  deflected  considerably  by  heavy  loads  in 
spite  of  the  presence  of  heavy  longitudinal 
steel.  After  a  few  more  years  of  service  this 
condition  may  reach  a  point  where  some  form 
of  maintenance  will  be  necessary. 

Pumping  Absent  at  Cracks 

The  complete  absence  of  pumping  at  the 
vast  number  of  transverse  cracks  in  these  sec- 
tions, on  a  pumping  type  of  soil,  is  evidence  of 
the  effectiveness  of   the  reinforcing  steel  in 
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Table  8. — Subgrade  soil  data 


Silt 

Clay 

Liquid 

limit 

Plasticity 
index 

Moisture  content 

0-3 
inches 
below 

surface 

3-12 
inches 
below 
surface 

12-24 
inches 
below 
surface 

Percent 
05 
20 

48 

Percent 
i  20 
7 
17 

Percent 
52 
19 
33 

Percent 

20 

1 

12 

Percent 

22.6 
6.1 

12.8 

Percent 
21.0 
8.9 
15.5 

Percent 

27.  5 
8.1 
17.1 

1  This  maximum  percentage  was  exceeded  in  two  instances;  however,  these  cases  were  not  considered  as  representative 
of  the  entire  project. 


holding  tightly  together  the  segments  of  the 
sections.  Closed  cracks  not  only  minimize 
the  leakage  of  free  water  to  the  subgrade  but, 
by  transferring  load,  minimize  slab  deflections 
as  well. 

Periodic  observations  of  the  weakened-plane 
warping  joints  of  the  special  sections  have 
shown  that  pumping  developed  at  10  of  the  11 
surface-type  joints  at  which  the  wire-fabric 
reinforcement  failed.  In  all  10  cases  the  ac- 
tion of  pumping  began  shortly  after  steel  fail- 
ures were  noted.  Conversely,  pumping  did 
not  appear  as  long  as  the  wire  fabric  crossing 
the  warping  joints  remained  structurally 
sound;  or  at  any  of  the  seven  submerged-type 
joints  at  which  the  reinforcing  steel  failed. 

The  preceding  observations  indicate  that 
the  entrance  of  free  water  to  the  subgrade  and 
large  slab  deflections  have  activated  pumping. 
Relatively  wide  separations  (up  to  three- 
eighths  inch)  developed  at  all  joints  at  which 
the  reinforcement  failed,  thus  reducing  or 
destroying  the  effectiveness  of  aggregate  in- 
terlock, and  impairing  the  sealing  of  the 
surface-type  joints.  Of  particular  interest  is 
the  complete  absence  of  pumping  at  the  sub- 
merged-type joints,  even  those  at  which  the 
wire  fabric  failed.  When  these  joints  were  in- 
stalled a  copper  seal  which  enveloped  the  bot- 
tom parting  strip  was  incorporated  in  the  de- 
sign. Apparently  these  seals  are  still  function- 
ing as  planned,  despite  the  wide  separation 
that  has  developed  at  the  joints  where  the 
longitudinal  steel  has  failed. 

The  effect  of  repetition  of  heavy  axle  loads 
on  the  development  of  pumping  is  clearly 
revealed  in  this  investigation.  As  mentioned 
previously,  the  experimental  pavement  is  one- 
half  of  a  divided  highway,  with  the  result 
that  the  right-hand  lane  carries  a  greater 
number  of  heavy  vehicles.  At  the  end  of  10 
years  the  performance  survey  disclosed  only 
one  case  of  pumping  in  the  left-hand  or  passing 
lane  of  the  pavement,  in  contrast  to  the  condi- 
tion in  the  right-hand  lane  as  just  described. 

Part  6.— PAVEMENT  SMOOTHNESS 

The  common  goal  of  all  pavement  design 
is  a  continued  smooth  riding  surface,  eco- 
nomics being,  of  course,  a  limiting  factor. 
To  evaluate  the  riding  quality  of  the  experi- 
mental sections,  an  instrument  for  indicating 
the  relative  roughness  of  road  surfaces  was 
used.  With  this  device,  which  was  developed 
some  years  ago  by  the  Bureau  of  Public 
Roads,6  it  is  possible  to  compare  the  surface 

'  Standardizable  equipment  for  evaluating  road  surface  rough- 
ness, by  J.  A.  Buchanan  and  A.  L.  Catudal;  Public  Roads, 
vol.  21,  No.  12,  Feb.  1941. 


roughness  of  the  various  sections  by  means  of 
a  roughness  index,  expressed  in  inches  per 
mile  of  pavement.  Low  index  values,  of 
course,  represent  smooth  pavement. 

The  basic  set  of  data  indicating  relative 
values  of  surface  roughness  of  these  experi- 
mental sections  was  obtained  in  August  of 
1940,  less  than  2  years  after  construction. 
At  that  time  roughness  indices  were  deter- 
mined only  for  the  sections  in  the  heavily 
traveled  or  right-hand  lane  of  the  pavement, 
it  being  presumed  that,  early  in  the  life  of 
the  pavement,  the  surface  of  both  lanes  would 
be  equally  smooth.  A  second  set  of  data  was 
obtained  in  August  of  1949,  these  data  includ- 
ing both  the  heavily  traveled  lane  and  the 
passing  lane  so  that  the  effect  of  traffic  on 
surface  roughness  could  be  ascertained.  Elim- 
inated from  these  latter  data  was  the  localized 
condition  of  roughness  found  at  locations 
where  a  pair  of  bridge-type  joints  were  spaced 
10  feet  apart. 

Average  values  of  the  surface  roughness  of 
short,  intermediate-length,  and  long  sections 
are  given  in  table  9,  the  sections  being  grouped 
according  to  the  range  in  lengths  designated 
earlier  in  the  report.  All  values  were  obtained 
with  the  single  wheel  of  the  roughness  meas- 
uring vehicle  traversing  approximately  a 
midlane  path. 

It  is  well  to  point  out  that,  as  a  result  of 
experience  gained  in  using  this  equipment 
over  many  hundreds  of  miles  of  pavements  of 
all  types,  it  has  been  found  that  pavements 
with  indices  of  the  order  of  80  to  120  have 
surfaces  that  would  be  classed  as  smooth 
riding. 

The  data  of  table  9  show  that  initially  the 
pavement  as  a  whole  was  very  smooth  indeed, 
indicating  that  the  construction  and,  parti- 
cularly, the  finishing  were  unusually  good. 
The  fact  that  little  difference  was  observed 
in  the  roughness  indices  of  the  three  groups 
of  sections  suggests   that,    with   proper   care 

Table    9. — Roughness    indices    classified    l>\ 
length  of  sections 


Range  in 
section 

length 

Roughness   index,  in  units  per 
mile 

1940 
survey, 
right  lane 

1949  survey 

Right  lane 

Left  lane 

Feet 
0-120 
120-470 
470-1,  310 

89 
86 
90 

131 

130 
126 

129 
124 
124 
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uring  installation  and  finishing,  the  spacing 
°f  expansion  joints  need  not  affect  the  initial 
riding  quality  of  concrete  pavements. 

A  comparison  of  the  roughness  indices 
(table  9)  determined  in  1949  with  those  of 
1940  indicates  a  marked  increase  in  the  surface 
roughness  of  all  three  groups  of  sections,  the 
percentage  increase  in  the  units  per  mile  being 
47,  51,  and  40,  respectively,  for  the  short, 
intermediate-length,  and  long  sections  of  the 
heavily  traveled  lane.  Even  with  this  large 
percentage  increase,  the  data  indicate  that 
the  surface  of  the  regular  sections  after  10 
years  of  service  is  no  rougher  than  some  new 
pavements  as  constructed. 

Comparison  of  Lanes 

Only  a  slight  tendency  is  noted,  however, 
for  the  surface  of  the  heavily  traveled  lane  to 
become  rougher,  with  time,  than  that  of  the 
passing  lane.  Also,  in  both  lanes  there  is  a 
slight  but  only  a  slight  tendency  for  the 
pavement  of  the  group  of  long  sections  to  be 
smoother  than  that  of  the  short  sections, 
which  contain  relatively  few  cracks.  It  is 
apparent  from  these  observations  that,  to  date, 
traffic  has  had  little  effect  on  the  increase  in 
surface  roughness;  and  that  the  many  cracks 
that  formed  in  the  long  sections  have  not 
affected  the  riding  quality  of  the  pavement. 

In  connection  with  the  observed  increase  in 
pavement  roughness  between  1940  and  1949, 
it  will  be  recalled  that  figure  1  shows  examples 
of  observed  changes  in  pavement  elevation, 
changes  that  developed  principally  through 
heaving  and  settlement  of  the  subgrade  and 
that  undoubtedly  account  for  part,  at  least, 
of  the  increase  in  surface  roughness. 

In  table  10  are  given  the  roughness  indices 
for  sections  containing  the  various  percent- 
ages of  longitudinal  steel  for  each  of  the  three 
types  of  reinforcement.    These  data,  although 


Table   10. — Roughness  indices  classified  by 
type  and  percentage  of  longitudinal  steel 


Table   11. — Roughness   indices   of  the  four 
500-foot  special  sections  ' 


Type  of  reinforce- 
ment   and     per- 
centage of  longi- 
tudinal   steel    in 
section 

Roughness  index,  in 
mile 

units  per 

1940  sur- 
vey, right 
lane 

1949  survey 

Right  lane 

Left  lane 

Percent 
Rail-steel  bars  (de- 
formed): 
1.82 

99 
85 
85 
85 

84 

85 
78 
90 
88 
91 

90 
90 
89 
89 
84 
98 

88 

124 
123 
127 
128 

130 

128 
130 
130 
125 

135 

137 
133 
131 
137 
120 
134 

129 

127 
121 
124 
121 
122 

123 
123 
121 
128 
129 

129 
124 
127 
139 
124 
126 

125 

1.02 

0.45 

0.26 

0.11.— 

Billet-steel      bars 
(deformed): 
1.82 

1.02 

0.45 

0.26  ..           

0.11     . 

Wire  fabric  (cold- 
drawn  wires) : 
0.42 

0.28  „ 

0.24 

0.17 

0.11 

0.07                

showing  no  particular  trends  for  the  factors 
involved,  do  show  that  a  narrow  range  in  the 
roughness  indices  of  the  various  sections 
existed  initially  and  still  exists.  This  implies 
that  all  of  the  sections  have  remained  struc- 
turally intact. 

Roughness  indices  of  the  four  500-foot  spe- 
cial sections  were  obtained  at  the  same  time 
as  those  of  the  regular  sections.  These  data, 
given  in  table  11,  are  listed  in  accordance  with 
the  distinguishing  features  of  the  special 
sections. 

At  the  time  of  the  1940  roughness  survey 
the  surfaces  of  the  special  sections  were  as 
smooth  as  those  of  the  regular  sections,  the 
average  index  for  the  two  types  of  pavement 
being  89  and  88  respectively.     This  indicates 


Type  of  joint  and 
weight   of   rein- 
forcement 

Shear  bars 

Roughness  index,  in 
units  per  mile 

1940 
sur- 
vey, 

right 
lane 

1949  survey 

Right 
lane 

Left 
lane 

Lb.  per  100  sq.  ft. 
Submerged  type: 
91 __. 

Yes 

No.. 

Yes 

No 

Yes 

No 

Yes 

No 

100 
90 
90 
90 

79 
90 
79 
95 

134 
134 

141 
134 

141 
120 
148 
218 

137 
127 
148 
148 

116 
169 

127 
137 

91. 

45 

45 

Surface  type: 

91.....       

91 

45_ 

45 

1  Each  roughness  index  is  based  on  250  feet  of  pavement. 

that  the  surface-type,  weakened-plane  joints 
were  finished  with  great  care  and  that  the 
rather  wide  and  meandering  cracks  which 
formed  above  the  parting  strips  of  the  sub- 
merged-type joints  did  not  impair  the  riding 
quality  of  the  pavement  at  that  time. 

In  1949  the  surfaces  of  the  special  sections 
were,  in  general,  somewhat  rougher  than  those 
of  the  regular  sections.  This  greater  increase 
in  roughness  is  probably  the  result  of  the  con- 
ditions at  some  of  the  joints  that  were  de- 
scribed earlier,  conditions  that  were  not  pres- 
ent at  the  time  of  the  1940  measurements. 
An  example  is  the  large  increase  in  the  rough- 
ness index  of  the  half  of  the  section  with 
surface-type  joints  and  containing  the 
45-pound  fabric  and  no  shear  bars.  It  was 
in  this  half  of  the  section  that  pumping  devel- 
oped at  the  joints  where  the  reinforcing  steel 
failed.  This  action  has  resulted  in  some  tilting 
of  the  10-foot  slab  units  and  a  consequent 
faulting  at  the  joints  until,  at  present,  this 
particular  part  of  the  pavement  is  quite  rough. 


New  Publications 


The  Highway  Capacity  Manual,  by  the 
Committee  on  Highway  Capacity,  Depart- 
ment of  Traffic  and  Operations,  Highway 
Research  Board,  has  now  been  published  in 
book  form  by  the  Bureau  of  Public  Roads 
and  is  available  from  the  Superintendent  of 
Documents,  U.  S.  Government  Printing 
Office,  Washington  25,  D.  C,  at  65  cents. 

The  report,  concerning  the  effectiveness 
of  various  highway  facilities  in  the  service  of 
traffic  and  involving  the  many  elements  of 
higbway  design,  vehicle  and  driver  per- 
formance, and  traffic  control,  was  originally 
published  in  PUBLIC  ROADS,  vol.  25,  Nos. 
10  and  11  (October  and  December  1949) 
under  the  title  "Highway  Capacity:  Prac- 
tical Applications  of  Research."  The  147- 
page  reprint,  in  convenient  6-  by  9-inch 
book  size,  will  be  a  valuable  addition  to  the 
library  of  every  design  and  traffic  engineer. 

The  manual  encompasses  both  rural  and 
urban  facilities.  Its  seven  major  sections 
provide   extensive  discussion   of  maximum 
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observed  traffic  volumes,  fundamentals  of 
highway  capacity,  roadway  capacities  for 
uninterrupted  flow,  signalized  intersections, 
weaving  sections  and  unsignalized  cross 
movements,  ramps  and  their  terminals,  and 
the  relation  of  hourly  capacities  to  annual 
average  volumes  and  peak  flows. 

The  study  is  based  on  a  great  mass  of  field 
observations,  made  available  by  the  coop- 
erative efforts  of  the  Bureau  of  Public  Roads, 
the  Highway  Research  Board  Committee  on 
Highway  Capacity,  and  many  State,  county, 
and  city  engineers,  intensively  applied  in 
many  places  and  for  a  number  of  years. 
From  the  vast  grist  of  basic  data,  painstak- 
ingly analyzed,  has  been  evolved  this  prac- 
tical guide  to  rational  methods  for  the 
determination  of  highway  capacity,  essen- 
tial in  the  sound  economic  and  functional 
design  of  new  highways  and  in  the  adapta- 
tion to  present  or  future  needs  of  the  many 
existing  roads  and  streets  which  must  con- 
tinue in  use  for  extended  periods  of  time. 


Highway  Statistics,  1948,  is  also  now 
available  from  the  Superintendent  of  Docu- 
ments. The  fourth  in  an  annual  series,  this 
publication  presents  statistical  information 
of  general  interest  on  the  subjects  of  motor 
fuel,  motor  vehicles,  highway-user  taxation, 
State  highway  finance,  and  highway  mile- 
age for  the  year  1948.  The  summary  bulletin 
reporting  similar  information  over  periods 
of  20  to  50  years,  up  to  1945,  is  a  valuable 
adjunct  to  the  annual  series.  These  pub- 
lications are  sold  by  the  Superintendent  of 
Documents,  U.  S.  Government  Printing 
Office,  Washington  25,  D.  C,  at  the  following 
prices : 

Cents 

Highway  Statistics,  1948 65 

Highway  Statistics,  1947 45 

Highway  Statistics,  1946 50 

Highway  Statistics,  1945 35 

Highway   Statistics,    Summary 

to  1945 40 

April  1950  •  PUBLIC    ROADS 

U.  S.  GOVERNMENT  PRINTING   OFFICE:  ISBO 


A  complete  list  of  the  publications  of  the  Bureau 
of  Public  Roads,  classified  according  to  subject  and 
including  the  more  important  articles  in  Public 
Roads,  may  be  obtained  upon  request  addressed  to 
Bureau  of  Public  Roads.  Washington  25,  D.  C. 


PUBLICATIONS 
of  the  Bureau  of  Publie  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment  is  required. 


ANNUAL  REPORTS 

(See  alto  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 

1937,  10  centB.  1938,  10  cents.  1939,  10  cents. 

Work  of  the  Public  Roads  Administration: 

1940,  10  cents.  1942,  10  cents.  1948,  20  cents. 

1941,  15  cents.  1946,  20  cents.  1949,  25  cents. 

1947.  20  cents. 

HOUSE  DOCUMENT  NO.  462 


Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.      15  cents. 

Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Inadequacy  of  State   Motor- Vehicle  Accident 
Reporting.      10  cents. 

Official  Inspection  of  Vehicles.     10  cents. 

Case   Histories   of   Fatal    Highway    Accidents. 

10  cents. 
The  Accident-Prone  Driver.      10  cents. 


Part  1   .    . 

Part  2  .    . 

Part  3  .    . 

Part  4  .    . 

Part  5  .    . 

Part  6 


UNIFORM  VEHICLE  CODE 


Act      I. 


-Uniform  Motor- Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act.     10  cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License   Act.     10  cents. 

Act  III. — Uniform  Motor- Vehicle  Civil  Liability  Act.     10  cents. 

Act  IV. — Uniform  Motor- Vehicle  Safety  Responsibility  Act.  10 
cents. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways.    20  cents. 

Model  Traffic  Ordinance.     15  cents. 


MISCELLANEOUS  PUBLICATIONS 

Construction  of  Private  Driveways  ( Xo.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).     40  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location  (No.  1486D).     15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 
249).  '  50  cents. 

Highway  Practice  in  the  United  States  of  America.     50  cents. 


Highway  Statistics,  1945.     35  cents. 

Highway  Statistics,  1946.     50  cents. 

Highway  Statistics,  1947.     45  cents. 

Highway  Statistics,  1948.     65  cents. 

Highway  Statistics,  Summary  to  1945.     40  cents. 

Highways  of  History.     25  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways.    50  cents. 

Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 
Strips,  and  Other  Landing  Areas  for  Aircraft.     $1.50. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 

Roadside  Improvement  (No.  191MP).     10  cents. 

Specification  for  Construction  of  Roads  and  Bridges  in  National 
Forests  and  National  Parks  (FP-41).     $1.25. 

Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.     10  cents. 

Transition  Curves  for  Highways.     $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  ami  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  soltl  by  the 
Superintendent  of  Documents. 

ANNUAL  REPORTS 

(See  also  adjacent  column) 

Public  Roads  Administration  Annual  Reports: 

1943.  1944.  1945. 

MISCELLANEOUS  PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography  on  Highway  Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skill  and  Right  Equipment. 

REPORTS  IN  COOPERATION  WITH 
UNIVERSITY  OF  ILLINOIS 

No.  313  ..  .  Tests  of  Plaster-Model  Slabs  Subjected  to  Con- 
centrated Loads. 

No.  332  .    .    .    Analyses  of  Skew  Slabs. 

No  345  .  .  .  Ultimate  Strength  of  Reinforced  Concrete  Beams 
as  Related  to  the  Plasticity  Ratio  of  Concrete. 

No.  346  .  .  .  Highway  Slab-Bridges  With  Curbs:  Laboratory 
Tests  and  Proposed  Design  Method. 

No  363  .  .  Studv  of  Slab  and  Beam  Highway  Bridges. 
Part  I. 

No.  369  .  .  .  St  tidies  of  Highway  Skew  Slab- Bridges  with 
Curbs.      Part  I:  Results  of  Analyses. 

\0   375  .    Studios    of    Slab    and    Beam    Highway    Bridges. 

Part  11. 
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Evidence  of  the  parking  problem:  cars  double-parked  on  the  street  waiting  for  space  in  a  lot  that  is  already  fall. 


Some  Travel  and  Parking  Habits 


Observed  From  Parking  Studies 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH. 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  S.  T.  HITCHCOCK,  Assistant  Branch  Chief, 
and  R.  H.  BURRAGE,  Highway  Engineer 


FULL  economic  benefits  of  urban  arterial 
and  expressway  street  and  highway  devel- 
opments cannot  be  realized  if  there  is  no  place 
to  park  the  motor  vehicle  at  the  terminus  of 
the  trip.  The  planning  of  adequate  terminal 
facilities  for  the  parking  of  cars  or  the  loading 
and  unloading  of  trucks  is  consequently  an 


integral  part  of  any  plan  for  urban  highway 
transportation  improvements. 

In  many  cities  the  parking  problem  in  the 
downtown  area  was  serious  before  the  war, 
and  with  the  postwar  increase  in  motor-vehicle 
usage  it  has  reached  alarming  proportions. 
In  an  effort  to  evaluate  the  parking  load  under 


Riding  past  the  ilfull-up"  parking  lots  and  making  endless  circuits  of  the 
block  in  search  of  a  vacant  curb  space,  every  motorist  has  become  personally 
aware  of  the  critical  downtown  parking  problem.  To  resolve  this  problem, 
detailed  information  on  all  its  ramifications  is  first  needed;  and  in  46  cities, 
ranging  in  population  from  under  6,000  to  more  than  a  million,  comprehensive 
parking  studies  of  the  central  business  districts  have  been  undertaken  or  com- 
pleted. From  these  studies,  conducted  according  to  a  common  basic  pattern, 
some  interesting  observations  on  parking  habits  have  been  drawn. 

It  has  been  found  that  the  number  of  available  parking  spaces  and  the  number 
of  vehicles  parked,  in  proportion  to  population,  decrease  rapidly  as  the  size  of 
the  city  increases — there  being  seven  times  as  many  spaces  and  thirteen  times 
as  many  parked  vehicles,  per  1,000  population,  in  the  small  cities  as  in  the  large 
cities.  The  central  business  districts  of  the  small  cities  generate  ten  times  as 
much  traffic,  in  the  peak  half -hour,  as  those  of  the  large  cities,  when  proportioned 
to  population.  The  percentage  of  traffic  passing  through  the  central  business 
district  during  the  day  as  a  whole  is  about  the  same  for  all  cities,  but  during 
peak  periods  91  percent  of  the  traffic  in  large  cities  does  not  stop  to  park.  In  the 
concentrated  core  of  the  central  business  districts,  space-hour  demands  for 
parking  exceed  the  supply  by  ratios  ranging  from  1.34  in  small  cities  to  4.67  in  the 
large  cities. 

881076—50 1 


present  conditions — a  load  which  would  most 
certainly  increase  with  the  improvement  of 
arterial  streets  and  the  construction  of  express- 
ways leading  to  and  from  the  downtown  area — 
many  cities  have  made  studies  of  traffic  vol- 
umes and  travel  habits  as  they  related  to  trip 
destinations  and  parking  in  the  downtown 
area. 

If  a  parking  study  is  to  be  of  value  in  plan- 
ning for  the  development  of  off-street  parking- 
lots  or  garages,  or  in  determining  reasonable 
restrictions  for  curb  usage,  certain  basic 
information  is  necessary: 

1.  Location  and  existing  supply  of  park- 

ing spaces. 

2.  Usage  of  existing  parking  spaces. 

3.  Location  and  extent  of  existing  de- 

mand. 

4.  Cordon    count    of    inbound    and    out- 

bound   traffic    to    determine    total 
parking  load. 

5.  Influence  of  large  traffic  attractions  on 

parking  demand. 

6.  Parking  habits. 

7.  Adequacy  of  existing  laws  and  ordi- 

nances. 

8.  Limitations  of  existing  administrative 

responsibility. 

9.  Financing  methods. 
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The  metropolitan  area  travel  habit  studies, 
which  have  proved  extremely  useful  in  esti- 
mating probable  desire  lines  of  travel  and 
traffic  usage  of  selected  route  locations,  pro- 
vide some  information  on  parking  practices.1 
The  size  of  the  sample,  however — usually  5 
or  10  percent — proved  to  be  inadequate  for 
the  estimating  of  trip  destination  volumes  for 
the  relatively  small  areas  such  as  would  be 
usable  for  determination  of  location  and  size 
of  parking  facilities. 

One  specific  method  of  making  a  parking 
study,  commonly  referred  to  as  "cruising," 
is  based  on  the  inspection  methods  used 
by  police  for  enforcement  of  parking  regula- 
tions. License  numbers  of  parked  vehicles 
are  recorded  at  periodic  intervals  either  from 
a  moving  car  or  by  a  recorder  on  foot.  This 
method  indicates  the  usage  of  space,  as  to 
location  and  length  of  time  parked,  within 
limits  of  the  length  of  time  between  recordings. 
It  sacrifices  all  information  on  the  short-time 
parker,  and  does  not  permit  obtaining  any 
information  on  trip  purpose  and  destination, 
which  is  desirable  for  determining  the  proper 
location  of  parking  facilities. 

Another  method,  involving  the  distribution 
of  return-mail  questionnaire  cards,  has  also 
be"en  used  in  some  spot  situations.  For  a 
comprehensive  analysis  of  the  entire  downtown 
area  this  is  considered  to  be  unsuitable  because 
of  the  uncertain  quantity  of  returns  (seldom 
exceeding  30  percent)  and  the  lack  of  statistical 
control  of  those  returned. 

Because  of  the  limitations  of  these  ap- 
proaches and  the  need  for  more  specific 
information  for  purposes  of  location  selection 
and  capacity  design  a  more  comprehensive 
type  of  study  has  been  developed,2  in  which 
the  needed  data  are  obtained  by  direct  inter- 
view of  parkers  and  by  cordon  count  of  all 
vehicles  entering  and  leaving  the  area. 

Summary  of  Observations 

Analysis  of  data  fully  developed  in  29  cities 
and  partial  information  from  17  others,  where 
comprehensive  parking  studies  of  the  central 
business  districts  have  been  conducted  in  a 
uniform  manner,  reveals  many  pertinent  and 
interesting  trends  in  parking  habits. 

As  would  be  expected,  the  areas  of  central 
business  districts  of  cities,  where  the  parking 
situation  is  most  acute,  are  relatively  small 
and  directly  proportional  to  population — 
ranging  from  0.1  square  mile  in  the  small 
cities  to  0.5  square  mile  in  the  largest.  In 
relation  to  population,  of  course,  this  range  is 
reversed:  the  small  cities  having  0.7  square 
mile  per  100,000  population  and  the  largest, 
0.05.  Similarly,  the  total  number  of  parking 
spaces  available  ranges  from  1,400  in  the 
smallest  cities  to  10,200  in  the  largest,  while 
per  1,000  population  the  spread  is  in  the 
opposite  direction,  from  89  to  12. 

1  Traffic  planning  studies  in  American  cities,  by  J.  T.  Lynch; 
Public  Roads,  vol.  24,  No.  6,  Oct.  1945;  and  Highway  safety; 
Driver  behavior— key  to  safe  highway  design,  by  Thos.  H.  Mac- 
Donald;  Public  Roads,  vol.  25,  No.  7,  March  1949. 

J  Factual  guide  on  parking  for  the  smaller  cities,  Public 
Roads  Administration,  Sept.  1947;  and  Determining  parking 
requirements  by  means  of  a  study  of  parking  habits,  by  S.  T. 
Hitchcock  and  T.  E.  Willier;  Proceedings  of  the  Highway 
Research  Board,  vol.  24,  1944,  p.  255. 


The  number  of  vehicles  parked  during  the 
8-hour  business  day  varies  from  7,100,  or 
446  per  1,000  population,  in  the  small  cities, 
to  30,000,  or  34  per  1,000  population,  in  the 
large  ones.  In  all  cities  the  proportion  of 
commercial  vehicles  parked  is  fairly  constant 
at  about  13  percent. 

The  parking  problem  is  most  acute,  of 
course,  in  the  core  of  the  central  business 
district.  There,  the  space-hour  demand 
ranges  from  3,500  in  the  smallest  cities  to 
28,600  in  the  largest  cities,  while  the  available 
supply  is  from  2,600  to  6,600.  The  ratio  of 
demand  to  supply  increases  from  1.34  in 
small  cities  to  4.67  in  large  ones. 

For  various  reasons,  the  central  business 
districts  of  small  cities  are  proportionately 
greater  traffic  generators  than  those  of  the 
large  cities.  The  in-and-out  traffic  in  the 
peak  half-hour,  per  1,000  population,  ranges 
from  139  vehicles  in  the  former  to  only  14  in 
the  latter.  The  ratio  of  the  peak-hour  traffic 
to  that  in  the  average  hour,  however,  is  con- 
stant regardless  of  population,  the  peak-hour 
volumes  being  about  one-third  greater.  The 
proportion  of  traffic  passing  through  the  cen- 
tral business  districts  during  the  business  day 
varies  but  little  for  cities  of  different  size,  but 
traffic  passing  through  in  the  peak  half-hour 
ranges  from  59  percent  in  the  small  cities  to 
91  percent  in  the  large  cities. 

As  a  reflection  of  the  different  characteristics 
of  small  and  large  cities,  it  was  found  that  56 
percent  of  the  vehicles  in  the  former  and  28 
percent  in  the  latter  parked  less  than  30 
minutes;  while  8  percent  and  25  percent, 
respectively,  parked  4  hours  or  more.  Simi- 
larly, 70  percent  of  the  parkers  in  small  cities 
and  46  percent  in  the  large  cities  walked  less 
than  a  block  to  their  destinations;  while  9 
percent  and  30  percent,  respectively,  walked 
two  blocks  or  more. 

Regardless  of  the  purpose  of  trip,  the  length 
of  parking  time  increased  in  direct  relation  to 
the  size  of  the  city.  The  average  time  parked 
where  "work"  was  the  purpose  ranged  from 
3  hours  in  small  cities  to  over  5  hours  in  large 
cities,  and  similar  spreads  occurred  for  "shop- 
ping" and  "business"  purpose  parking.  Park- 
ing time  for  other  purposes  varied  little, 
regardless  of  population. 

The  psychological  advantage  of  parking 
meters  is  indicated  by  the  fact  that  overtime 
parking,  both  in  number  of  occurrences  and 
in  excess  time  parked,  is  considerably  less  at 
metered  curbs  than  at  unmetered  but  time- 
restricted  curb  spaces. 


Table   1.— Cities   in  which  direct -interview 
type  parking  studies  have  been  made 


City 


Decatur,  Ind 

Seymour,  Ind 

Wabash,  Ind 

Columbus,  Ind 

Albert  Lea,  Minn 

Frankfort,  Ind._ 

Huntington,  Ind 

Portsmouth,  N.  H 

Stevens  Point,  Wis 

Walla  Walla,  Wash 

Meadville,  Pa _. 

Anderson,  S.  C 

Lake  Charles,  La 

Boise,  Idaho 

Alexandria,  La 

Monroe,  La _. 

Easton,  Pa 

Kokomo,  Ind 

Anderson,  Ind 

Lynchburg,  Va __. 

Muncie,  Ind 

Corpus  Christi,  Tex 

Pawt  ticket,  R.  I... 

Charlotte,  N.  C 

Wichita,  Kans 

Spokane,  Wash 

Knoxville,  Tenn 

Harrisburg,  Pa 

Reading,  Pa 

Chattanooga,  Tenn. 

Jacksonville,  Fla 

Nashville,  Tenn 

Honolulu,  T.  H 

Richmond,  Va 

Omaha,  Nebr 

New  Haven,  Conn. 

Allen  town-Bethlehem 

Pa 

Toledo,  Ohio 

Denver,  Colo 

Portland,  Oreg 

Atlanta,  Ga._ 

Seattle,  Wash 

Providence,  R.  I 

Baltimore,  Md... 

Cleveland,  Ohio 


Popula- 
tion ' 


5, 
8, 
9 
11 
12, 
13, 

13: 

14 
15 
18 
18, 
19, 
21, 

26, 
27, 
28 
33 
33 
41 
44, 
49, 

70, 

75, 

113 
127 
141 
151 
173 
175 
193 
195 
241 
245 
245, 

287 
308; 

325 
341 

384, 
406, 
442, 
452, 

711 
1,046, 
1,  215 


Year 

of 
study 


1948 
1948 
1948 
1948 
1947 
1948 
1948 
1946 
1947 
1946 
1948 
1947 
1947 

1948 
1947 
1947 
1948 
1948 
1948 
1948 
1948 

1947 
1945 

1947 
1947 
1947 
1946 
1946 
1947 
1947 
1947 
1946 
1947 
1948 

1948 
1946 

1948 
1947 
1945 
1946 
1945 
1946 

1945 
1946 
1948 


Data 
avail- 
able 


1  U   S.  census  of  population,  1940. 


The  Comprehensive  Parking  Study 

The  purposes  of  a  comprehensive  parking 
study  have  been  indicated  briefly.  Some 
elaboration  is  desirable,  however,  concerning 
the  basic  phase  of  the  study  operation,  that 
of  the  interviews  with  the  parkers.  The  study 
is  as  a  rule  confined  to  the  central  business 
district  (or  to  any  other  area  where  parking 
is  a  problem),  around  which  the  cordon  count 
is  made.  A  direct  interview  is  made  with  the 
driver  of  every  vehicle  parked  in  the  area. 
The  interviews  usually  are  confined  to  the 
hours  of  the  business  day,  8  or  10  a.  m.  to 
6  p.  m.,  and  hence  include  the  peak  of  parking 
and  traffic  accumulation. 


Table  2. — Area  and  population  relations  of  central  business  districts 


Population  group 

Number 
of  cities 

Average 
population 
in  metro- 
politan area 

Average  area  of  the  central 
business  district 

Square  miles 

Number 

of 
blocks  ' 

Total 

Per  100,000 
population 

Under  25,000 
25,000-50,000     . 

50,000-100,000 

100,000-250,000..-. 
250,000-500,000..-- 
Over  500,000 

10 
4 
2 

10 
6 
2 

15,400 

32, 600 

66,  550 

176,  200 

280,700 

879, 000 

0.11 
.13 
.22 
.44 
.46 
.54 

0.69 
.41 
.27 
.26 
.12 
.05 

23 
38 
36 
76 
97 
134 

1  Block  dimensions  vary  from  150  feet,  to  600  feet. 
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It  would  be  possible  to  accomplish  the 
interviewing  in  one  day  by  using  a  very  large 
force,  but  it  is  preferable  to  use  a  small  group 
of  trained  interviewers  and  to  spread  the  work 
over  several  weeks.  This  affords  advantages 
from  an  operating  standpoint  and  produces 
data  more  representative  of  an  average  day. 
The  cordon  count  is  similarly  a  composite 
sample,  spread  over  the  same  period  as  the 
interviews. 

The  actual  interview  with  each  driver 
requires  only  about  30  seconds  and  includes 
queries  to  determine  trip  origin,  purpose  in 
making  the  stop,  and  the  destination  to  which 
the  parker  is  going  to  walk.  Data  on  the 
location,  the  time  of  arrival  and  departure,  the 
type  of  vehicle,  and  the  type  of  parking  are 
obtained  by  observation.  The  data  permit  a 
determination  of  accessory  but  valuable 
information  on  turn-over,  violation  of  space 
and  time  regulation,  and  use  (and  abuse)  of 
loading  zones  and  other  special-privilege 
facilities.  The  information  on  how  long 
drivers  do  park,  when  coupled  with  their 
destinations,  provides  a  reasonably  accurate 
measure  of  where  they  would  like  to  park  and 
for  how  long,  if  space  were  available.  This 
is  the  existing  demand. 

The  inventory  of  existing  parking  space  and 
the  cordon-count  data  are  summarized  and 
tabulated  by  manual  methods.  The  interview 
data,  because  of  the  number  of  items  of 
information  involved  and  the  many  interrela- 
tions desired,  are  particularly  susceptible  to 
machine  tabulation.  Resultant  from  these 
summarizations  is  the  information  on  gener- 
ators of  parking  demand  and  on  the  parking 
characteristics  of  the  motorists.  The  study 
of  the  legal,  administrative,  and  financial 
aspects  of  the  problem  is  a  staff  responsibility, 
to  be  integrated  with  the  findings  and  recom- 
mendations from  the  other  phases  of  the 
studies. 

With  the  knowledge  that  the  basic  volu- 
metric data  have  been  obtained  with  reason- 
able accuracy,  specific  locations  and  designs 
for  additional  facilities  may  be  planned  with 
assurance.  The  information  on  parking 
habits,  when  correlated  with  location,  may  be 
used  to  advantage  in  revising  time  restric- 
tions, and  in  the  location  or  relocation  of 
parking  meters.  It  is  also  basic  in  determining 
operating  characteristics  and  capacity  for 
design  purposes.  The  data  on  truck  desti- 
nations and  parking-time  durations  will 
indicate  the  need  for  added  loading  zones  or 
off-street  loading  space. 

Trends  Observed  From  Studies 

The  direct-interview  type  of  parking  study, 
initiated  in  1945,  has  now  been  made  in  46 
cities  throughout  the  country,  ranging  in 
population  from  5,000  to  over  1,000,000 
(table  1).  Data  have  been  developed  fully  in 
29  of  these  cities.  Since  the  same  procedures 
were  used  in  each  case,  it  has  been  possible  for 
the  first  time  to  observe  some  relations  of  area 
characteristics,  parking  habits,  travel  habits, 
and  traffic  volumes. 

The  data  reported  in  this  article  represent 
conditions  in  cities  which  have  recognized  the 
existence   of  a  parking   problem   sufficiently 
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Table  3. — Curb  and  off-street  parking  spaces  available  in  the  central  business  district 


Population  group 

Number 
of  cities 

Average  number  of  park- 
ing spaces 

Spaces  per  1,000 
population 

Curb 

Off- 
street 

Total 

Curb 

Total 

Under  25,000 

25,000-50,000 

50,000-100,000 

100.000-250,000.... 
250,000-500,000.... 
Over  500,000 

9 
4 
2 
9 
6 
'  2 

933 

1,287 
1,688 
2,867 
2,961 
2,510 

485 
742 
2,401 
3,886 
8, 132 
7,675 

1.418 
2,029 
4,089 
6,751 
11,093 
10, 185 

60 
41 
23 
17 
7 
3 

89 
65 
57 
42 
28 
12 

1  Providence,  a  city  of  253,500  population,  has  a  metropolitan  area  population  of  711,500  with  several  other  fully  de- 
veloped but  smaller  independent  business  districts. 


acute  to  warrant  an  extensive  study  as  a  first 
step  toward  seeking  a  solution.  In  all  prob- 
ability the  parking  problem  is  just  as  serious 
in  a  great  many  other  cities;  and  it  may  be  a 
mark  of  greater  initiative  on  the  part  of  the 
cities  that  have  undertaken  these  parking 
studies,  rather  than  of  greater  need. 

The  data  available  from  the  29  cities  permit 
analysis  in  several  directions.  The  summaries 
presented  here  are  some  of  the  more  obvious 
relations  developed  in  initial  analyses.  For 
those  cities  where  the  time  periods  studied 
were  not  identical,  data  were  adjusted  to  a 
common  8-hour  basis  (10  a.  m.  to  6  p.  m.). 

The  data  reported  are  averages  for  cities  in 
each  of  six  population  groups.  As  will  be 
seen  from  the  tables  and  graphs,  the  numerical 
values  of  the  various  elements  of  the  parking 
problem,  as  averaged  by  population  groups, 
show  clearly  established  trends  that  may  be 
of  value  to  other  cities  where  comprehensive 
studies  have  not  been  made  and  where 
complete  data  are  not  available. 

It  had  already  been  suspected  that  some  of 
the  indicated  trends  or  relations  might  exist, 
and  for  some  readers  personal  experience 
may  make  some  observations  appear  obvious; 
but    they    substantiate    many    points    which 


heretofore  have  been  largely  a  matter  either 
of  opinion  or  conjecture.  Furthermore,  the 
fact  that  these  data  and  derivations  fall  into 
a  pattern  indicates  that  the  basic  approach  to 
this  research  problem,  or  at  least  the  pro- 
cedural technique,  is  soundly  conceived. 

It  must  be  admitted  that  data  for  the 
individual  cities  are  somewhat  scattered,  in 
contrast  to  the  uniformity  of  the  population- 
group  averages.  Quite  probably  this  incon- 
gruity can  be  accounted  for  partially  by  the 
small  number  of  cities  for  which  data  were 
available;  but  much  more  important  factors 
are  the  character  of  business  and  industry  and 
of  geographical  location,  which  may  differ 
greatly  among  cities  of  the  same  size.  The 
fact  that  all  of  the  data  as  averaged  by  popu- 
lation groups  fall  in  straight-line  or  smoothly 
curved  patterns  is  strongly  indicative  of  their 
close  relation  to  population. 

The  Central  Business  District 

The  central  business  district  of  a  city  is  not 
a  legal  entity  nor  is  it  generally  a  clearly 
defined  area.  In  establishing  the  limits  of 
such  a  district  for  the  purposes  of  a  parking 
study,  it  was  considered  as  the  area  where  land 
occupancy  is  nearly  100  percent,  where  land 
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POPULATION 
Figure  1. — Parking  spaces  available  in  the  central  business  district. 
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Table  4. — Number  of  vehicles  parked  in  the  central  business  district 


Population  group 

Num- 
ber of 
cities 

Average  number  of 
vehicles  parked 
in  8  hours  > 

Maximum 

number 

accumulated  2 

Percent- 
age com- 
mercial 

Parking 
accumula- 
tion ratio » 

Total 

Per  1,000 
popula- 
tion 

Total 

Per  1,000 
popula- 
tion 

Under  25,000 

25,000-50,000 

50,000-100,000 
100,000-250,000.... 
250,000-500,000.... 
Over  500,000 

9 
4 
2 
8 
5 
2 

7,097 
8,461 
11,866 
22, 130 
32,  436 
29, 957 

446 
267 
164 
128 
83 
34 

1,050 
1,373 
2,185 
5,447 
8,245 
9,564 

67 
43 
30 
29 
21 
11 

14 
14 
11 
12 
13 
13 

1.17 
1.13 
1.15 
1.15 
1.15 
1.11 

1  Total  number  parking  during  the  period,  including  those  parked  at  start  of  period.    Adjusted,  where  necessary,  to  a 
common  period  10  a.  m.  to  6  p.  m. 
3  At  any  time  during  the  8-hour  period. 
3  Ratio  between  the  number  of  vehicles  in  parking  spaces,  legal  or  illegal,  in  the  peak  hour  and  in  the  average  hour. 

Table  5.— Usage  of  space  in  the  entire  central  business  district,  and  the  relation  of  demand 

and  supply  in  the  core  area 


Population  group 

Central  business  district 

Core  area ' 

Num- 
ber of 

cities 

Present  usage  in 
space-hours 

Num- 
ber of 
cities 

Space-hours 

Ratio  of 

demand  to 

supply 

Average 
number 

Per  1,000 
population 

Demand  2 

Supply 

Under  25,000 

25,000-50,000 

50,000-100,000 

100,000-250,000.. 
250,000-500,000... 
Over  500,000 

8 
4 
2 
6 
4 
2 

7,692 
9,988 
14,  632 
38, 802 
51,  578 
65, 846 

487 
314 
202 
225 
133 
74 

5 
3 
2 
7 
3 
2 

3,465 
4,230 
4,290 
17, 188 
20,828 
28,590 

2,552 
3,043 
2,964 
11,285 
6,505 
6,649 

1.34 
1.38 
1.45 
1.64 
3.27 
4.67 

1  The  core  area  is  that  portion  of  the  central  business  district  where  land  values  are  generally  highest,  and  where  in  each 
block,  of  several  contiguous  blocks,  the  demand  for  parking  space  in  each  exceeds  the  supply. 
>  Demand  for  space  in  the  core  area,  based  on  destinations  of  drivers  who  parked  in  the  central  business  district. 


use  is  principally  business,  where  curb  parking 
is  congested,  and  to  which  transit  lines 
converge.  It  is  the  area  where  are  found  the 
large  stores  and  office  buildings.  It  often 
includes  some  theaters  and  hotels.  It  may 
have  a  few  apartments,  but  few  or  no  single- 
unit  residences  and  little  manufacturing. 
Area  and  population  data  for  the  central 
business  districts  of  a  number  of  cities  are 
shown  in  table  2. 

The  determination  of  the  central  business 
district  was  made  locally  in  each  city  and, 
although  different  engineers  established  the 
limits,  it  is  significant  to  note  that  the  charac- 
teristic limits  of  the  central  business  district 
have  been  generally  recognized.  The  trend 
in  size  is  perhaps  to  be  expected,  but  con- 
firmation of  this  trend  lends  assurance  to 
further  analyses  in  these  cities. 

In  a  city  where  studies  have  not  been  made, 
comparisons  with  the  tabulated  data  should 
take  into  consideration  whether  the  central 
business  district  constitutes  a  problem  area 
greater  or  less  than  the  average  for  a  city  of 
its  population  class. 

Availability  of  Parking[Space 

It  is  to  be  expected,  as  shown  in  table  3 
and  figure  1,  that  as  cities  grow  the  supply 
of  curb  spaces  for  parking  will  decrease 
proportionally.  Curbs  are  limited  in  physical 
extent  and  as  the  downtown  area  grows 
vertically  more  curb  space  is  restricted  for 
services  in  connection  with  adjacent  buildings 
and  for  the  movement  of  traffic.  It  should 
also    be    expected    that    off-street    facilities 


would  be  developed  in  a  compensating  man- 
ner, but  this  apparently  has  not  occurred. 
It  will  be  noted  that  the  cities  of  more  than 
250,000  population  have  less  than  one-half  as 
many  total  parking  spaces  per  capita  as  cities 
of  lessthan  100,000  population. 

The  trends  shown,  even  though  expected, 
lend  assurance  to  the  soundness  in  determina- 


tion of  the  limits  of  the  central^  business 
district,  to  the  use  of  the  data  for  comparative 
purposes  in  cities  where  extensive  studies  have 
not  been  made,  and  to  the  procedures  used 
in  making  the  study. 

Usage  of  Parking  Space 

As  cities  grow,  the  volume  of  parking  both 
for  the  business  day  and  for  the  peak  hour 
increases.  However,  when  these  are  expressed 
in  volumes  per  1,000  population,  as  shown  in 
table  4,  it  is  evident  that  parking  usage  in 
the  central  business  districts  is  proportion- 
ately greater  in  the  smaller  cities  than  in  the 
larger  cities.  This  probably  is  due  largely  to 
the  higher  car  ownership  and  more  concen- 
trated business  in  the  smaller  cities;  and  to 
the  extent  of  mass  transit,  the  presence  of 
numerous  suburban  shopping  areas,  and  the 
greater  difficulty  of  finding  parking  space  in 
the  downtown  sections,  in  the  larger  cities. 

The  proportion  of  commercial  vehicles 
parking  in  the  central  business  district  appar- 
ently does  not  vary  appreciably  in  cities  of 
different  size.  These  are  the  vehicles  picking 
up  and  delivering  goods  in  the  downtown  area. 

Similarly  there  is  not  a  great  difference, 
among  the  various  population  groups,  in  the 
parking  accumulation  ratio — the  ratio  of  the 
volume  parked  in  the  peak  hour  of  parking 
and  the  volume  parked  in  the  average  hour  of 
the  business  day.  This,  perhaps,  is  traceable 
to  the  fact  that  studies  have  been  made  only 
in  cities  where  a  parking  problem  exists  and 
where,  therefore,  the  load  is  not  far  from  peak 
condition  all  through  the  business  day. 

The  data  in  table  4  represent  only  the 
volume  of  parking  under  present  conditions 
and  undoubtedly  are  not  representative  of 
what  the  trends  might  be  if  better  traffic 
service  and  parking  facilities  were  available. 


UNDER 
25,000 


POPULATION 


Figure  2. — Demand  for  and  supply  of  parking  space  in  the  core  area  of  the 
central  business  district,  in  terms  of  space  hours. 
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Figure  3.— The  needs  for  additional  terminal  facilities  are  pinpointed  on  this  map  of  supply,  usage,  and  detnand  for  parking  space  in 

the  central  business  district  of  a  typical  city  of  175,000  population. 
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Parking  Space  Supply  and  Demand 

The  parking  studies,  made  under  existing 
conditions,  provide  information  only  for  those 
drivers  who  park  in  the  central  business  dis- 
trict. It  does  not  include  the  potential 
demand  of  those  who  might  park  there  under 
different  conditions. 

For  those  having  destinations  in  the  central 
business  district  the  demand  for  parking  space 
shows  a  definite  increase  with  the  size  of  the 
city,  as  indicated  in  table  5.  On  a  per  capita 
basis,  however,  the  central  business  districts 
in  the  smaller  cities  are  greater  parking  gen- 
erators than  those  in  the  larger  cities,  for 
reasons  previously  stated. 

For  the  central  business  district  as  a  whole, 
the  supply  of  spaces  is  usually  found  to  be  at 
least  equal  to  the  demand  since,  for  study 
purposes,  the  limits  are  so  selected  as  to 
include  the  parking  of  nearly  all  drivers  bound 
for  the  district.  Some  of  the  central  blocks 
in  the  district,  however,  create  a  demand 
exceeding  the  supply  in  the  same  blocks. 
Table  5  and  figure  2  indicate  that  the  volume 
of  demand  for  spaces  in  this  core  area  increases 
in  the  larger  cities  whereas  the  supply,  al- 
though increasing  in  cities  of  medium  size, 
drops  off  in  the  larger  cities  where  high  land 
values  in  the  core  tend  to  preclude  the  use  of 
space  for  parking  purposes. 

Figure  3  illustrates  the  relation  of  parking- 
space  supply,  usage,  and  demand  in  a  typical 
city  of  about  175,000  population.  Scaled 
bars  show,  for  each  block,  the  parking  space 
available,  the  usage  of  that  space,  and  the 
demand  expressed  for  parking  space  in  that 
block.  The  use  of  space-hour  units  permits 
direct  comparisons.  The  unshaded  central 
portion  of  the  map  shows  the  core  area  of  the 
central  business  district,  and  covers  those 
blocks  in  which  the  demand  for  space  exceeds 
the  supply.  The  map  thus  graphically  pin- 
points areas  deficient  in  parking  space. 

Traffic  and  Travel  Habits 

As  cities  increase  in  population,  the  total 
8-hour  inbound  volume  of  traffic,  the  average 
hourly  volume  in  and  out,  and  the  peak  volume 
in  and  out  of  the  central  business  district 
increase,  as  shown  in  table  6.  But  when  the 
population  of  the  city  is  considered,  the  cen- 
tral business  districts  of  the  smaller  cities  are 
bigger  traffic  generators  per  1,000  population 
than  are  the  larger  cities.  This,  no  doubt,  is 
due  largely  to  factors  previously  mentioned 
and  to  the  fact  that  in  the  smaller  cities  the 


Table  7.— Length  of  time  parked  and  distance  walked  to  destination 


Percentage 

Percentage 

parked— 

walking — 

Population  group 

Num- 
ber of 

' 

cities 

Less 

4  hours 

Less 

800  feet 

than  30 

and 

than 

and 

minutes 

over 

400  feet 

over 

Under  25,000 

9 

56 

8 

70 

9 

25.000-50,000 

4 

52 

10 

78 

5 

50,000-100,000 

2 

52 

10 

77 

7 

100,000-250,000 

8 

43 

15 

64 

14 

250,000-500,000..-. 

2 

34 

20 

63 

19 

Over  500,000 

2 

'  28 

25 

46 

30 

'  Estimated  from  different  groupings  of  length  of  time  parked. 


principal  through  routes  pass  through  the 
downtown  area  with  few  or  no  alternates 
available. 

Regardless  of  the  size  of  the  city,  the  ratio 
of  peak-hour  traffic  to  average  hourly  traffic 
in  the  8-hour  period  is  practically  constant. 
Peak-hour  volumes  are  about  one-third  again 
as  large  as  the  volumes  during  the  average 
hour  of  the  survey  period. 

The  proportion  "passing  through"  the 
central  business  district  may  more  correctly 
be  described  as  those  who  do  not  stop  to  park. 
It  includes  whatever  "cruisers"  there  may  be 
and,  additionally,  those  cars  in  service 
stations  or  in  garages  being  serviced  or  re- 
paired. These  data,  in  the  last  two  columns 
of  table  6,  refer  to  vehicles  entering  the  central 
business  district  and  not  to  vehicles  leaving  or 
to  number  of  trips.  There  does  not  seem  to 
be  much  difference  in  the  proportion  of  traffic 
passing  through  the  central  business  district 
during  the  business  day  (10  a.  m.  to  6  p.  m.)  in 
cities  of  different  population  groups. 

The  proportion  of  traffic  entering  the  central 
business  districts  in  the  peak  half-hour  of 
traffic  movement  (usually  between  5  and  6 
p.  m.),  which  does  not  stop  to  park,  increases 
as  the  size  of  the  city  increases.  The  develop- 
ment of  employment  centers  in  sections  of  the 
city  other  than  the  central  business  district 
creates  a  large  movement  of  population  twice 
a  day  going  to  and  coming  from  work.  Much 
of  this  movement  is  across  town  and  through 
the  district. 

Figure  4  shows  the  volume  of  traffic  entering 
and  leaving  the  central  business  district,  and 
the  hourly  accumulation  of  parked  vehicles 
and  of  all  vehicles  in  the  central  business 
district,  in  a  typical  city  of  175,000  population. 
The  bars  for  each  street  around  the  periphery 
of  the  cordon  show  the  total  8-hour  volume 
of   traffic   entering   and   leaving   the    central 


Table  6. — Traffic  volumes  and  ratios  in  the  central  business  district 


In-and- 

Percentage  of  vehi- 

Average 

Average 

Peak 

Ratio  of 

out  vol- 

cles passing 

Num- 

8-hour 

hour 

half-hour 

peak  to 

ume  per 

through  3  in — 

Population  group 

ber  of 

cities 

volume, 
in- 

volume, 
in  and 

volume, 
in  and 

average 
hour,  in 

1,000  pop- 
ulation, 

bound  i 

out 

out  2 

and  out 

peak 

8  hours 

Peak 

half-hour 

half-hour 

Under  25,000 

9 

13,  000 

3, 300 

2,500 

1.34 

139 

52 

59 

25,000-50,000 

4 

21,000 

5,300 

3,600 

1.35 

107 

61 

70 

50,000-100,000 

2 

26,  000 

6,600 

4,420 

1.34 

61 

52 

69 

100,000-250,000.... 

7 

41,000 

11,000 

6,810 

1.33 

41 

60 

70 

250,000-500,000-..- 

3 

54,  000 

13,  700 

9,110 

1.33 

25 

60 

75 

Over  500,000 

2 

69,  000 

17,600 

12,  000 

1.34 

14 

58 

91 

1  8-hour  period,  10  a.  m.  to  6  p.  m.;  all  vehicles. 

2  Peak  half-hour  for  traffic  movement,  generally  between  5  and  6  p.m. 

3  Percentage  of  vehicles  entering  the  central  business  district. 


business  district,  segregated  by  type  of  vehicle 
and  by  direction  as  indicated  in  the  legend  for 
street  traffic  at  the  left. 

The  bar  chart  within  the  cordon  line  in 
figure  4  shows  the  hourly  total  inbound  and 
outbound  traffic  volumes,  the  shaded  lower 
portions  of  the  bars  indicating  the  proportion 
of  inbound  traffic  that  entered  the  central 
business  district  and  parked,  and  the  propor- 
tion of  outbound  traffic  coming  from  parking 
spaces.  Plotted  across  the  bar  chart  are 
curves  showing  the  accumulation  of  traffic 
and  of  parking. 

The  difference  between  the  volume  of  in- 
bound traffic  and  outbound  traffic  for  each 
hour  period,  when  cumulated,  represents  the 
number  of  vehicles  remaining  in  the  business 
district  at  any  hour  period.  When  allowance 
is  made  for  the  number  of  vehicles  parked, 
the  number  moving  on  the  streets  at  the 
beginning  of  the  study  period,  and  the  number 
of  parkers  with  origins  within  the  district, 
it  is  possible  to  estimate  the  actual  volume  of 
inbound  traffic  which  may  be  considered  as 
potential  users  of  an  alternate  route. 

Continued  periodic  cordon  counts  are  desir- 
able, after  the  completion  of  a  study,  to  detect 
changing  trends  in  traffic  movements  and  in 
the  accumulation  of  vehicles  in  the  downtown 
area,  the  latter  being  an  indication  of  the 
demand  for  parking  space.  By  repeating  the 
cordon  count,  the  value  of  the  basic  parking 
study  can  be  extended  over  a  longer  period  of 
time. 

Length  of  Time  Parked 

Data  have  hitherto  been  available  from 
many  individual  studies  concerning  the  habits 
of  parkers  as  to  duration  of  parking  and  the 
distances  walked  after  parking,  but  this  is  the 
first  time  it  has  been  possible  to  assemble  the 
results  of  studies  made  under  the  same  pro- 
cedures in  cities  of  various  population  groups. 

The  proportion  of  cars  parked  less  than  30 
minutes  in  the  largest  cities  is  only  half  of 
those  parked  for  the  same  length  of  time  in 
the  smallest  cities,  as  shown  in  table  7.  The 
proportion  parked  4  hours  and  over,  however, 
is  three  times  as  large.  An  influence  here  is 
the  practice,  more  common  in  smaller  cities, 
of  using  the  car  to  drive  home  or  elsewhere  at 
noon  for  lunch. 

Walking  Distances 

Definite  trends  are  also  apparent,  from 
table  7,  in  the  distances  people  walk  to  their 
destinations  after  parking  their  cars.  The 
lengths  of  blocks  vary  but,  generally  speaking, 
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Figure  4. — Traffic  entering  or  leaving  the  central  business  district  and  vehicles  parking  in  that  area,  in  a  typical  city  of  175,000  population- 


one  block  may  be  considered  to  be  about  400 
feet  long.  In  small  cities  almost  three-fourths 
of  the  people  parking  in  the  central  business 
district  park  within  one  block  of  their  desti- 
nation. This  proportion  decreases  to  less  than 
50  percent  in  the  largest  cities. 

The  proportion  walking  more  than  800  feet 
(two  blocks)  is  relatively  small  in  the  smaller 
cities — less  than  10  percent.  In  the  largest 
cities,  however,  as  many  as  30  percent  of  the 
parkers  walk  more  than  800  feet.  These  data 
may  be  useful,  in  a  general  way,  in  estimating 
the  seriousness  of  the  parking  problem  in  other 
cities  where  extensive  studies  have  not  been 
made. 


Trip  Purposes 

In  any  study  in  which  an  interview  must  be 
completed  in  less  than  a  minute,  it  is  extremely 
difficult  to  define  trip  purposes  so  definitely 
that  they  will  be  uniformly  understood  and 
applied.  The  results  obtained,  however,  show 
definite  trends  for  the  average  length  of  time 
parked  for  each  of  the  more  common  trip 
purposes,  as  illustrated  in  table  8.  Regardless 
of  purpose,  the  average  length  of  time  parked 
increases  in  the  larger  cities  as  compared  with 
the  smaller  cities.  There  does  not  appear  to 
be  much  difference  in  the  length  of  time 
parked  by  shoppers  and  by  those  on  business 


trips.     In   both    instances,   the   time   parked 
increases  with  the  size  of  the  city. 

"Other"  purposes  include  trips  for  meals, 
and  to  doctors,  dentists,  movies,  and  social 
and  other  recreational  activities.  There  does 
not  seem  to  be  much  difference  in  the  length 
of  time  parked  for  these  purposes  in  cities  of 
different  sizes. 

Effect  of  Parking  Meters 

The  comprehensive  type  of  parking  study, 
wherein  the  type  of  parking  and  times  of 
arrival  and  departure  are  noted,  permits 
special  types  of  analyses  to  be  made — among 
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these  being  observation  of  the  extent  of  viola- 
tion of  parking-time  restrictions  shown  in 
table  9. 

All  of  the  25  cities  for  which  pertinent  data 
are  available  have  one  or  more  zones  in  the 
central  business  district  with  time  restrictions 
but  without  parking  meters,  and  13  of  them 
have  metered  zones.  In  table  9,  the  first  group 
reported  includes  some  cities  in  which  there 
were  no  meters,  some  cities  where  there  were 
no  unmetered  curbs,  and  some  having  both 
metered  and  unmetered  curbs.  It  is,  therefore, 
only  a  general  comparison  between  the  two 
types  of  zones. 

To  present  data  on  a  more  nearly  compa- 
rable basis,  an  analysis  is  shown  in  table  9  for 
a  second  group  of  cities,  comprising  only 
those  where  data  were  available  in  the  same 
city  and  in  the  same  time-restriction  class  for 
both  metered  and  unmetered  but  restricted 
spaces. 

Data  from  each  of  11  cities,  where  curb 
parking  was  observed  in  both  types  of  zones, 
indicate  that  violations  in  metered  zones  were 
considerably  less,  both  as  to  the  numbers  of 
violators  and  as  to  their  use  of  time.  This  is 
also  true  when  the  data  are  segregated  in 
time-restriction  groups.  It  is  also  apparent 
that,  in  general,  the  proportion  of  overtime 
parkers  and  of  overtime  usage  decreases  as 
the  length  of  time  restrictions  increases. 

It  is  probable  that  the  data  from  these 
several  cities  are  not  strictly  comparable 
because  of  differences  in  enforcement  policies. 
On  the  other  hand,  all  data  were  obtained 
from  studies  limited  to  the  central  business 
districts,  where  there  was  little  difference  in 
opportunity  for  enforcement.    As  the  occasion 


Table  8. — Average  length  of  time  parked  for  each  purpose  of  trip 


Population  group 

Num- 
ber of 
cities 

Average  time  parked  for  each  trip  purpose,  in  hours 

Work 

Shopping 

Business 

Other 

All  pur- 
poses 

Under  25,000 

25,000-50,000 

50,000-100,000 

100,000-250,000.... 
250,000-500,000.... 
Over  500,000 

9 
4 
2 
8 
3 
2 

3.0 
2.9 
3.3 

4.4 
4.5 
5.1 

0.7 
.7 
.8 
1.1 
1.4 
1.4 

0.7 
.8 
.7 
1.2 
1.2 
1.4 

1.0 
.9 
.9 
1.7 
1.5 
1.2 

1.1 
1.3 

1.3 
1.8 
1.8 
2.5 

Tabic  9. —Cottiparison  of  overtime  parking  at  metered  curbs  and  at  unmetered  but  re- 
stricted curbs,  in  the  central  business  district 


Time  zones 

Number 
of  cities 

Percentage  of 

Percentage  of  space  hours — 

overtime  parking  ' 

Used  by  violators  J 

Used  in  excess  • 

Unmetered 

Metered 

Unmetered 

Metered 

Unmetered 

Metered 

All  Cities  Reporting 

All 

All 

25 
13 

28.4 

21.9 

45.6 

47.4 

31.3 

27.3 

Cities 

with  Both  Metered  and  Unmetered  Spaces 

All 

15-minute 

30-minute 

60-minute 

90-minute 

2-hour 

11 
2 
2 

7 
1 
6 

37.6 
67.5 
57.6 
37.6 
33.8 
21.8 

24.3 
61.3 
33.3 
22.0 
18.6 
12.5 

58.0 
60.6 
87.2 
65.3 
65.0 
38.1 

50.4 
84.2 
62.0 
53.0 
53.6 
32.3 

40.2 
51.7 
71.2 
44.9 
42.9 
21.0 

28.1 
61.2 
39.1 
28.8 
30.4 
14.6 

1  Percentage  of  all  curb  parkers  in  zones  indicated. 
1  Total  usage,  including  legal. 
»  Overtime  usage  only. 


presents  itself,  studies  should  be  made  before 
and  after  meters  are  installed  to  obtain  as 


fair  a  comparison  as  possible  of  the  violation 
of  parking  restrictions. 


State  Road-User  and  Personal-Property  Taxes  on  Selected  Motor  Vehicles     (Continued  from  page  89.) 


It  might  have  been  desirable  to  have  in- 
cluded in  this  study  a  heavy  passenger  car 
and  "Several  additional  trucks  and  combina- 
tions. The  purpose,  however,  was  to  explore 
the  field  in  a  general  way,  without  attempting 
the  exhaustive  investigation  and  analysis 
that  would  have  been  required  to  cover  every 
possible  vehicle  type  and  every  possible  tax. 

The  relatively  low  gross  vehicle  weight  of 
the  40,000-pound  tractor-semitrailer  was  cho- 
sen in  order  to  have  a  vehicle  that  could  be 


registered  in  any  State;  and  had  it  not  been 
for  this  factor  a  combination  of  50,000  to 
56,000  pounds,  in  general  use  in  many  States, 
might  have  been  included. 

A  diesel-powered  vehicle  of  70,000  to  75,000 
pounds  gross  vehicle  weight  might  also  have 
been  represented  but  the  differences  between 
gasoline  and  diesel  vehicles  in  fuel  consump- 
tion, fuel-  and  vehicle-tax  schedules,  etc., 
make  comparisons  difficult;  and  the  very 
heavy  diesel  units,  common  throughout  the 


West,  exceed  the  maximum  size  and  weight 
limits  of  most  of  the  other  States.  Further- 
more, the  diesels  now  in  use  are  engaged 
primarily  in  interstate  operation  and  this 
study  was  limited  to  intrastate  vehicles.  The 
use  of  diesel  power  in  heavy  vehicles,  however, 
has  already  become  sufficiently  important  to 
warrant  special  study  of  existing  road-user 
taxes  with  respect  to  their  application  to 
diesel  vehicles. 


The  Identification  of  Rock  Types     (Continued  from  page  47.) 


amphibolites  contain  plagioclase  feldspar  in- 
stead of  quartz.  This  distinction  may  be 
impossible  to  make  in  the  hand  specimen. 

Difficulties    with    Intrusive    Igneous 
Rocks 

In  trials  of  this  method  by  selected  groups 
of  students,  more  difficulty  Mas  found  in 
identification  of  the  intrusive  type  of  igneous 
rocks  than  any  other  general  group.  The 
difficulty  may  have  been  due  to  too  much 
emphasis  on  the  feldspar  content  of  the  rock, 
and  too  little  regarding  the  other  essential 
constituents.  A  study  of  figure  1  will  show 
that    of    the    coarse-grained    igneous    rocks, 


granite  is  the  only  kind  which  contains  an 
appreciable  amount  of  quartz,  and  that 
gabbro  contains  the  greatest  amount  of  the 
dark  ferromagnesian  minerals  (mica,  horn- 
blende, and  augite)  with  diorite  containing 
the  next  greatest  amount.  Consequently,  if 
the  rock  is  hard,  with  visible,  interlocking 
grains  of  approximately  the  same  size,  and 
contains  an  appreciable  amount  of  quartz,  it 
probably  is  a  granite.  On  the  other  hand,  if 
the  rock  has  the  same  characteristics  as 
given  above,  but  contains  little  if  any  quartz, 
it  can  be  named  by  reference  to  the  ferro- 
magnesian mineral  content  as  indicated  by 
the  color  of  the  rock.  A  rock  of  light  color 
may  be  a  svenite,   one  of  medium   color  a 


diorite,  and  one  of  dark  color  a  gabbro. 

Attention  should  be  given  to  the  transition 
of  rock  by  insensible  stages  from  one  kind  to 
another.  Granites  will  grade  into  syenites, 
and  s}renites  into  diorites,  for  instance;  or  a 
coarse-grained  rock  will  grade  into  a  fine- 
grained rock  of  the  same  mineralogical  compo- 
sition. Two  samples  of  rock  from  the  same 
deposit  may  be  sufficiently  different  to  warrant 
different  names.  Consequently,  the  identifi- 
cation of  the  hand  specimen  by  the  method 
given  here  does  have  some  limitations.  How- 
ever, a  careful  study  of  the  sample,  following 
the  method  outlined,  should  permit  the  user 
to  name  the  rock  with  a  relatively  small 
margin  of  error. 
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State  Road-User  and  Personal-Property  Taxes 
on  Selected  Motor  Vehicles,  1950 


BY  THE  RESEARCH  REPORTS  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


The  extensive  need  for  highway  improvement  with  which  the  nation  is  faced 
lias  raised  to  vital  importance  the  study  of  existing  and  prospective  sources  of 
highway  revenue.  Road-user  imposts — registration  fees  and  gasoline  taxes — 
supply  a  major  part  of  the  current  income  for  highways.  But  in  considering 
the  levies  paid  on  motor  vehicles,  direct  property  taxes  must  also  be  taken  into 
account.  Although  not  collected  as  highway  revenue,  these  property  taxes  are 
in  many  States  assessefl  in  sizable  amount  and  in  such  different  fashion  from 
taxes  on  other  forms  of  property  as  to  make  them  particular  levies  on  motor 
vehicles. 

In  this  report  there  are  presented  data  on  the  registration  and  other  fees, 
gasoline  taxes,  and  direct  property  taxes  that,  would  be  collected  for  each  of  seven 
representative  types  of  vehicles  in  each  of  the  States  during  1950.  In  addition, 
data  are  reported  separately  for  some  of  the  commercial  vehicles  according  to 
their  use  in  private  operation,  farm  service,  or  contract  hauling.  Comparisons 
can  thus  be  made  of  the  taxes  paid  for  similar  vehicles  in  different  Slates,  for 
different  types  of  vehicles  in  the  same  State,  or  for  the  same  vehicle  in  different- 
types  of  service. 

The  ranges  discovered  among  the  States  are  extensive.  For  instance,  the  regis- 
tration fee  for  a  three-axle  combination  in  private  use  varies  from  $45  to  $577, 
and  the  property  tax  from  $35  to  $235.  The  total  taxes  on  a  single-unit  van  in 
contract  service  range  from  $135  to  $746.  The  average  for  all  States  of  road-user 
plus  property  taxes  for  a  light  passenger  car  is  $55;  for  a  five-axle  combination  in. 
contract  service  it  is  $2,400.  For  a  smgle-unit  stake  truck,  the  average  of  total 
taxes  is  $69  for  farm  service,  $132  for  private  use,  and  $217  for  contract  carriage. 


THIS  study  presents  a  comparison  of  the 
State  road-user  taxes  and  all  direct  prop- 
erty taxes  that  would  be  paid  on  a  group  of  typ- 
ical motor  vehicles  in  one  year.  It  is  intended 
primarily  to  show  the  road-user  taxes  on  a 
specific  group  of  vehicles  and  to  provide  com- 
parisons between  the  taxes  paid  on  (1)  differ- 
ent vehicles  in  a  given  State,  (2)  similar 
vehicles  in  different  States  and  regions, 
(3)  similar  vehicles  in  different  types  of 
service  in  the  same  State,  and  (4)  similar 
vehicles  in  different  types  of  service  in  different 
States  and  regions.  The  information  pre- 
sented makes  it  possible  to  study  the  principal 
road-user  taxes  as  a  group,  in  preference  to 
considering  each  separately  as  has  frequently 
been  necessary  in  the  past.  All  of  the  taxes 
and  fees  given  are  for  a  full  year,  based  on  tax 
rates  in  effect  January  1,  1950. 

The  Typical  Vehicles 

Seven  vehicles  and  combinations,  represent- 
ing a  cross  section  of  the  vehicle  population, 
were  selected  for  inclusion  in  the  study — one 


light-weight  passenger  car,  one  medium- 
weight  passenger  car,  three  single-unit  trucks, 
and  two  tractor-semitrailer  combinations. 
The  single-unit  trucks  include  a  half-ton  pick- 
up, a  l}i-ton  stake  truck,  and  a  2}<>-toii  van. 
Of  the  two  tractor-semitrailer  units,  one  is  a 
three-axle  combination  of  40,000  pounds  gross 
vehicle  weight,  chosen  so  that  it  would  fall 
within  the  maximum  length  and  weight  limits 
of  all  of  the  States.  The  other  combination 
is  a  five-axle  tractor-semitrailer  of  04,000 
pounds  gross  vehicle  weight  (indicative  of 
heavy  operation)  which  would  be  permitted  to 
register  in  24  States. 

In  order  to  obtain  the  tax  data  on  a  uniform 
basis  in  all  of  the.  States,  a  detailed  outline 
of  the  specifications  of  each  of  the  selected 
vehicles  was  submitted  to  the  State  authorities 
in  November  1949,  for  determination  of  the 
exact  fees  and  taxes.  Table  1  gives  these 
specifications,  together  with  the  assumed 
annual  mileage  traveled,  motor  fuel  consumed, 
and  other  factors  needed  to  compute  the  vari- 
ous   taxes.     It    was   also   specified   that    the 
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vehicles  were  in  intrastate  operation,  and  that 
they  had  been  operated  in  the  same  State 
since  purchased  new  in  1948.  This  avoided 
the  complex  situations  that  would  have  been 
encountered  in  computing  taxes  on  vehicles 
in  interstate  operation,  and  eliminated  con- 
sideration of  the  sales  taxes  (or  their  counter- 
parts) on  new  vehicles  that  are  in  effect  in 
most  States.  The  relative  sizes  of  the  seven 
typical  vehicles  are  represented  on  this  page 
(only  one  passenger  car  is  shown  since  the 
two  vehicles  in  this  category  are  very  nearly 
the  same  length). 

Types  of  Service 

Distinctly  different  tax  rates  are  in  effect  in 
most  States  for  commercial  vehicles  operated 
privately  (not  for  hire),  as  contract  carriers 
(for  hire),  and  in  farm  service.  Information 
was  therefore  obtained,  and  was  tabulated 
separately,  for  each  of  these  three  types  of 
operation,  where  applicable,  for  each  vehicle 
studied. 

Vehicles  in  private  operation  are  those 
used  solely  for  carrying  goods  owned  or  sold 
by  the  vehicle  owner,  with  no  direct  trans- 
portation charge.  Contract  carriers  are 
employed  in  hauling  goods  for  others,  with 
a  direct  transportation  charge,  at  times  and 
to  destinations  according  to  the  jobs  for 
which  they  are  hired.  Operation  of  contract 
carriers  is  usually  subject  to  State  franchise 
and  regulation.  Common  carriers,  which 
operate  for  hire  over  established  routes  and 
on  fixed  schedules,  are  not  included  in  the 
study  because  of  their  more  complex  tax 
schedules  and  forms  of  regulation,  and  the 
fact  that  their  operation  is  frequently  inter- 
state. 

The  farm  service  classification  represents 
a  reduced  registration  fee  for  farmers'  trucks, 
but  without  restriction  as  to  the  highways  they 
may  use.  This  arrangement  is  in  effect  in  23 
States.  (The  nominal  charge  imposed  as  the 
sole  registration  fee  by  some  States  for  farm 
vehicles  licensed  for  restricted  operation  on  or 
in  the  immediate  vicinity  of  the  farm  is  not 
included  in  this  study.) 


PASSENGER     CAR 


3-AXLE    TRACTOR-SEMITRAILER 


S-AXLE    TRACTOR-SEMITRAILER 
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Table  1. — Outline  of  data  used  in  computing  State  road-user  taxes  and  property  taxes  on 
selected  vehicles,  1950  registration  year 


Vehicle  description  and  use  (vehicle  purchased  new 

in  1948) 

Three-axle 

Five 

-axle 

Passenger  car 

Sin 

gle-unit  truck 

tractor-semitrailer 

tractor-semitrailer 

combination 

combination 

Factors  affecting  taxation 

Light 

Medi- 

Semi- 

Semi- 

two- 

four- 
door 
sedan 

Pick- 

Stake 

Van 

Tractor- 

trailer, 

Tractor- 

trailer, 

door 

up 

truck 

28-foot 

truck 

34-foot 

sedan 

van 

van 

$1,307 

$2, 087 

$1, 104 

$1,610 

$4, 450 

$5, 000 

$3,265 

$15, 400 

$5, 900 

Horsepower: 

S.  A.  E 

25.35 

30.63 

32.5 

29.4 

33.  75 

36.0 

72.6 

Brake 

95.0 

115.0 

100.0 

90.0 

111.5 

110.0 

245.0 

Weight: 

Manufacturer's    rated    ca- 

pacity  tons.. 



V2 

1H 

VA 

2 





Chassis  weight pounds. . 



4,180 

5,700 





Empty  weight do 

2,995 

3,855 

3,061 

5,140 

7,900 

8,000 

7,500 

19, 000 

8,900 

Load  capacity... do 

1,640 

7,360 

10, 600 

14, 000 

10, 500 

17, 000 

19, 100 

Gross  vehicle  weight. do 

3,895 

4,755 

4,700 

12,  500 

18, 500 

22, 000 

18, 000 

36, 000 

28, 000 

Gross  weight  of  combina- 

tion  pounds.. . 

40, 000 

64, 000 

Length: 

Wheelbase. _   inches.. 

114 

161 

172 

136 

203 

Distance  between  tandem 

axles inches.. 













48 

18'A 

Length  of  combination 

feet.. 









39H 

49M 

Tires: 

Size 

7.50X20 

9.  00X20 

10.  00X20 

10.00X20 

11.00X20 

11.00X20 

Arrangement 

Single 

Single 

Single 

Dual 

Dual 

Dual 

Dual 

Dual 

Dual 

tandem 

tandem 

Total  annual  mileage: 

Farm miles.. 



6,000 

5,500 











Not  for  hire do 

9,500 

10,  500 

9,000 

12, 000 

15, 000 

35,  000 





For  hire:  Contract  carrier 

miles.. 

20, 000 

25, 000 

45, 000 

75, 000 

Average  mileage  per  gallon: 

14.5 

15.5 
15.0 

10.0 
9.0 
9.0 

6.5 
6.5 

5.0 
5.0 

:::::::: 

3."6 



Not  for  hire 

16.5 

For  hire:  Contract  carrier.. 

Annual  motor-fuel  consump- 

tion: 

Farm .gallons.. 

387 

550 

Not  for  hire do 

576 

724 

600 

1,333 

2,307 

7,000 

For  hire:  Contract  carrier 

gallons.. 



2,222 

3,846 

9,000 

25, 000 

Total  revenue  ton-miles  (avg. 

load) 

40, 400 

73, 000 

303, 300 

744, 750 

Average  gross  weight.pounds.  . 



9,180 

13, 730 

"  28, 975 

'  47, 755 

Gross  annual  earnings 



$7, 000 

$10, 000 

$20, 000 

$40, 000 

1  Gross  weight  of  combination. 

Property  Taxes 

In  most  cases  the  property  taxes  on  motor 
vehicles  have  little  or  no  relation  to  the  use 
of  highways  and  the  revenues  from  them  are 
not  available  for  highways.  They  are  so  closely 
associated  with  registration  fees  in  their 
relation  to  costs  of  operation,  however,  and 
comprise  such  a  large  portion  of  the  total 
taxes  paid  on  motor  vehicles  in  some  States 
that  their  inclusion  in  this  study  was  necessary 


in  order  to  obtain  equitable  comparisons- 
The  registration  fees  for  individual  vehicles 
vary  considerably  among  the  States,  and  the 
property  taxes  in  some  instances  greatly 
exceed  the  registration  fees  paid.  When 
property  taxes  and  registration  fees  are 
considered  together,  however,  the  differences 
among  the  States  are  proportionately  smaller. 
It  is  worth  noting  that  the  valuation  of  motor 
vehicles  for  tax  purposes  is  generally  conceded 
to  be  much  closer  to  market  value  than  is  the 


valuation  of  other  personal  property  subject 
to  the  same  taxes.  It  is  also  probable  that 
motor  vehicles  constitute  a  very  considerable 
portion  of  taxable  personal  property  in  many 
jurisdictions.  While  this  study  is  not  directly 
concerned  with  personal  property  taxes  per  se, 
it  suggests  an  area  of  research  that  should  not 
be  neglected  by  those  interested  in  the  tax- 
burdens  on  the  motor-vehicle  owner. 

The  property  taxes  that  are  given,  for  all 
except  the  farm  vehicles,  include  all  taxes 
levied  by  the  State,  county,  city,  or  other 
local  governmental  unit  in  which  the  vehicle 
is  domiciled,  and  are  the  taxes  that  would  be 
imposed  on  the  vehicle  in  the  capital  city  of 
the  State.  The  property  taxes  given  for  farm 
vehicles  include  State,  county,  and  district 
or  other  property  taxes  that  would  be  collected 
in  an  average  rural  agricultural  community 
in  the  State.  In  a  few  States  where  uniform 
State-wide  valuation  and  tax  rates  are  in  effect 
in  all  jurisdictions,  there  would  be  no  difference 
between  property  taxes  on  farm  vehicles  and 
those  registered  in  the  capital  city  of  the  State. 
In  two  States — California  and  Washington — 
property  taxes  on  motor  vehicles  have  been 
replaced  by  "in  lieu"  taxes.  These  taxes  have 
many  of  the  characteristics  of  property  taxes, 
but  since  neither  the  levies  nor  the  distribution 
of  their  proceeds  are  directly  related  to  the 
jurisdiction  in  which  they  were  collected, 
they  have  been  classified  as  road-user  imposts. 
In  both  of  these  instances  the  State  courts 
have  ruled  them  not  to  be  property  taxes. 

Carrier  Taxes 

In  the  consideration  of  motor-carrier  taxes 
paid  for  vehicles  in  contract-carrier  service, 
gross  receipts  taxes  and  other  levies  that  are 
imposed  on  general  business,  and  not  limited 
to  motor  carriers,  have  been  eliminated. 
Fees  for  authority  to  operate,  and  other  fees 
paid  only  at  the  time  a  carrier  begins  to  haul 
goods  for  hire,  have  also  been  excluded. 

Care  should  be  taken  in  comparing  the 
carrier  taxes  of  the  several  States.  Many  of 
the  States  have  special  registration  classes 
for  vehicles  used  in  for-hire  service.  The  fees 
in  the  special  registration  classes,  in  most 
cases,  are  substantially  greater  than  the 
registration  fees  for  vehicles  in  private  (not- 


Table  2. — Average,  low,  and  high  road-user  and  property  taxes  on  selected  motor  vehicles 


Vehicle  and  service 


Passenger  car: 

Light-weight 

Medium-weight 

Pick-up  truck: 

Farm 

Private 

Stake  truck: 

Farm 

Private 

Contract 

Van  truck: 

Private 

Contract 

Three-axle  combination: 

Private 

Contract 

Five-axle  combination: 

Contract 


Average  fee  for  all  States 


Regis- 
tra- 
tion 
fee' 


$11.53 
14.90 

13.09 
16.48 

29.22 
48.07 
87.46 

93.62 
152.  32 

229.  28 
373.  50 

920.  65 


Gasoline 
tax 


$29.  33 
36.86 

19.71 
30.55 

28.01 
67.89 
113. 15 

117.47 
195. 83 

356. 43 
458.  27 

1,  322.  91 


Total 
road- 
user 
taxes 


$40.  85 
51.77 

32.80 
47.03 

57.22 
115.  95 
200. 61 

211.09 
348. 15 

585. 70 
831.  76 

2,  243. 66 


Prop- 
erty 
tax 


$24. 07 
34.36 

14.76 
21.10 

19.78 
27.55 
27.55 

68.32 
68.32 

121. 65 
121.65 

289.  53 


Total 


$55. 10 
72.11 

41.  23 
59.52 

68.52 
132.  26 
216.  91 

251.  53 
388.  59 

657. 70 
903.  76 

2,  400.  40 


Lowest  fee 


Regis- 
tra- 
tion 
fee' 


£2.  50 
3.00 

2.50 
2.50 

4.50 
10.00 
15.00 

25.00 
32.00 

45.00 
66.00 

217.  00 


Gaso- 
line tax 


$11.52 
14.48 

7.74 
12.00 

11.00 
26. 67 
44.44 

46.14 
76.92 

140.  00 
180.  00 

750.  00 


Total 
road- 
user 
taxes 


$20.28 
25.48 

17.74 
25.50 

21.00 
56.67 
74.44 

86.14 

116.92 

271. 00 
333. 00 

1,  217. 00 


Prop- 
erty 
tax 


$5.00 
8.00 

5.00 
5.00 

5.00 
14.49 
14.49 

18.50 
18.50 

34.94 
34.94 

59.38 


Total 


$27.  78 
35.37 

20.48 
39.00 

32.44 
73.11 
90.88 

104.  64 
135. 42 

327. 94 
367. 94 

1,398.75 


Highest  fee 


Regis- 
tra- 
tion 
fee' 


$24.  00 
39.00 

37.00 
37.00 

70.00 
132.  50 
342. 50 

272.  50 
476. 50 

577. 00 
892. 00 

2, 186. 50 


Gasoline 
tax 


$51.84 
65.16 

34.83 

54.00 

49.50 
120.  00 
200.  00 

207.  63 
346. 14 

630. 00 
810. 00 

2,  250. 00 


Total 
road- 
user 
taxes 


$61.84 
81.18 

54.42 
69.70 

99.00 
185. 83 
498. 05 

364. 78 
745. 72 

997.00 
1, 441. 00 

3, 936.  50 


Prop- 
erty 
tax 


$41.  62 
62.76 

35.10 
35.02 

37.75 
48.42 
48.42 

233. 50 
233.50 

234.  56 
234.56 

521.  34 


Total 


$85.  90 
114.20 

64.69 
89.45 

125. 08 
208. 42 
498. 05 

505.  41 
745. 72 

1,043.25 
1,441.00 

3, 936.  50 


i  Includes  the  carrier  taxes  and  "other  taxes  and  fees"  shown  in  tables  3-8. 
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Table  3. — Road-user  and  personal-property  taxes  on  selected  passenger  vehicles 


Region  and  State 


New  England: 

Maine 

New  Hampshire 

Vermont 

Massachusetts 

Rhode  Island 

Connecticut 

Middle  Atlantic: 

New  York 

New  Jersey 

Pennsylvania- 

Delaware 

Maryland 

District  of  Columbia 
West  Virginia 

Southeastern: 

Virginia 

North  Carolina 

South  Carolina 

Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi- 

East  Central: 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota- 

Iowa 

Missouri..:... 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas ._ 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska.. 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming.. 

Colorado 

New  Mexico 

Arizona 

Utah 

Nevada 

Pacific: 

Washington 

Oregon 

California-- 


Light  two-door  sedan 


Regis- 
tration 


$14. 00 
13.65 
22.00 
3.00 
12.  00 
7.00 

15.00 
10.00 
10.00 

8.00 
10.00 

5.00 
17.00 

9.00 
10.00 
3.00 
2.50 
15.00 
4.50 
7.50 
13.00 
10.22 

10.00 
11.00 
10.50 
10.50 
16.00 
23.20 
24.00 
11.00 

13.00 
3.00 
23.90 
11.16 

22.50 
17.00 
8.00 
10.00 

13.00 
5.00 
5.00 
5.60 

18.00 
3.50 
5.00 
5.00 

5.00 
10.00 
6.00 


Property 
tax 


$16.  34 
11.76 

'23"09 
26.60 
36.37 


5.00 
18.00 
32.65 

22.00 
19.79 
25.80 
28.48 

"36719 

"Js'oO 
41.12 


27.18 
15.01 


15.41 


21.88 
22.62 


21.36 


39.  25 
41.62 

25.80 

"15768 
15.68 

"18760 
30.12 
26.50 


Other 

taxes  and 

fees 


$1.00 


1.00 


1.00 

'"."25 
.50 
.50 
.50 


.50 


.50 
15.75 

16765 


Gasoline 
tax 


$34.56 
23.04 
28.80 
17.28 
23.04 
23.04 

23.04 
17.28 
28.80 
28.80 
28.80 
23.04 
28.80 

34.56 
40.32 
34.56 
40.32 
40.32 
40.32 
40.32 
34.56 
34.56 

23.04 
23.04 
17.28 
17.28 
23.04 
28.80 
23.04 
11.52 

37.44 
51.84 
37.44 
23.04 

23.04 
23.04 
34.56 
28.80 

34.56 
34.56 
23.04 
34.56 
40.32 
28.80 
23.04 
25.92 

37.44 
34.56 
25.92 


Total 


$64.90 
48.45 
50.80 
43.37 
61.64 
66.41 

38.04 
28.28 
38.80 
36.  80 
43.80 
47.04 
78.45 

65.56 
70.11 
64.36 
71.30 
55.  57 
81.51 
48.32 
66.15 
85.90 

33.04 
61.22 
42.79 
27.78 
39.04 
52.00 
47.04 
37.93 

72.32 
77.46 
61.84 
55.56 

45.54 
40.04 
81.81 
80.42 

73.36 
39.56 
43.72 

55.84 
58.32 
50.90 
58.66 
57.42 

58.19 
44.56 
47.92 


Rank  of  State 


Total 
fees 
and 

taxes 


14 
29 
28 
38 

17 
11 


43 
46 
36 
32 

.r> 

13 
10 
15 
9 

24 
3 

30 
12 
1 

■17 
18 
39 
49 
42 
26 
33 
45 


6 

it; 
25 

34 
40 

2 
i 

7 
41 
37 
2.'! 
20 
27 
19 
22 

21 
35 

31 


Total, 

excluding 

property 

tax 


10 
34 
7 
49 
35 
41 

32 
44 
30 
33 
29 
42 
16 


31 
22 
4 
18 

11 
12 
19 

38 
37 
47 
46 
27 
6 
15 
48 


5 

1 

36 

17 
25 
23 
28 

14 
26 

40 

21 

2 

39 

4.; 

40 

3 

20 
13 


Medium  four-door  sedan 


Regis- 
tration 
fee 


$16.00 
21.60 
22.00 

4.50 
16.00 

9.00 

20.50 
15.50 
10.00 
12.00 
15.00 
8.00 
22.40 

11.70 
12.00 
4.00 
4.50 
20.00 
4.50 
10.00 
18.00 
12.70 

10.00 
12.00 
10.50 
13.65 
16.00 
39.00 
33.00 
11.00 

18.00 

3.00 

33.62 

19.20 

30.75 
25.00 
8.00 
13.15 

13.00 
5.00 
5.00 
6.95 

27.00 
3.50 
5.00 
5.00 

5.00 
10.00 
6.00 


Property 
tax 


$26.  09 

18.78 

"36."86 
33.60 
47.99 


8.00 
25.00 
52.15 

28.60 
32.68 
39.12 
39.61 

"54."75 

"21."44 

51.20 


36.17 
19.05 


24.66 


28.30 
28.28 


62.76 
59.12 

37.04 

"25704  > 
25.04 

"28."20 
42.72 
37.50 


Other 

taxes  and 

fees 


$1.00 


1.00 


1.00 

"".'25 
.50 
.50 

.50 


.50 


22.25 
25.66 


Gasoline 
tax 


$43. 44 
28.96 
36.20 
21.72 
28.96 
28.96 

28.96 
21.72 
36.20 
36.20 
36.20 
28.96 
36.20 

43.44 
50.68 
43.44 
50.68 
60.68 
60.68 
50.68 
43.44 
43.44 

28.96 
28.96 
21.72 
21.72 
28.96 
36.20 
28.96 
14.48 

47.06 
65.16 
47.06 
28.96 

28.96 
28.96 
43.44 
36.20 

43.44 
43.44 
28.96 
43.44 
50.68 
36.20 
28.96 
32.58 

47.06 
43.44 
32.58 


Tolal 


$85.  53 
69.34 
58.20 
63.08 
78.56 
85.95 

49.46 
38.22 
46.20 
48.20 
59.20 
62.96 
110.  75 

83.74 
95.36 
87.56 
94.79 
70.93 

110.  43 
61.18 
83.38 

107. 34 

38.96 
77.13 
51.27 
35.37 
44.96 
75.20 
61.96 
50.14 

93.36 
96.44 
81.18 
74.98 

59. 71 
53.96 
114.20 
108. 47 

93.48 

48.44 
59.00 
75.43 
77.68 
67.90 
77.18 
75.08 

74.31 

53.44 
63.58 


Rank  of  State 


Total 
fees 
and 

taxes 


13 

27 
37 

30 

17 

12 

42 
48 
4fi 
44 
35 
31 
2 

14 

7 
11 

8 
26 

3 
33 
15 

5 

47 
20 
40 
19 
46 
22 
32 
41 

10 
6 
16 
24 

34 

38 

1 

4 


43 

30 
21 
18 
28 
10 
23 

25 
39 

20 


Total, 

excluding 

property 

tax 


14 
20 
16 
48 
36 

41 

28 
40 
34 
32 
25 
42 
15 

21 
9 
30 
20 

5 

10 
12 
11 
18 

30 
37 
47 
44 
35 
3 
in 
40 

7 

6 

1 

33 

13 

22 
24 
29 

17 
31 
46 
27 
2 
38 
45 
43 

4 
23 


for-hire)  service.  The  difference,  while 
technically  classed  as  part  of  the  registration 
fee,  is  in  reality  a  special  carrier  fee.  There  is, 
of  course,  the  compensating  factor  that 
vehicles  in  carrier  service  usually  can  be  ex- 
pected to  operate  a  considerably  greater 
mileage  than  those  not  for  hire,  thus  reducing 
the  per-mile  cost  of  their  registration  fees. 

The  majority  of  trucks  are  used  for  the 
ordinary  private  service  of  carrying  goods 
owned  or  sold  by  the  vehicle  owner,  and  for 
which  there  is  no  direct  transportation  charge. 
Even  these  trucks,  however,  are  subject  to 
mileage  or  other  carrier  taxes  under  some 
conditions,  and  the  variations  in  the  tax  struc- 
tures of  the  States  made  it  necessary  in  a  few 
instances  to  make  arbitrary  decisions  on  the 
inclusion  or  exclusion  of  these  special  levies. 
The  general  policy  followed  was  to  include 
only  the  taxes  that  would  have  to  be  paid  on 
almost  all  of  the  vehicles  in  a  given  group. 
For  example,  the  laws  of  some  States  are  so 
written  that  practically  all  vehicles  of  more 
than  1]4  tons  (manufacturer's  rated  capacity) 
would  have  to  pay  certain  mileage  or  compen- 
satory taxes,  whether  in  private  or  for-hire  oper- 
ation. In  the  same  States  many  vehicles  of 
l}4-ton  capacity  or  less  would  not  be  subject 
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to  the  tax.  In  such  a  case  the  tax  has  been 
shown  only  for  the  heavier  vehicles.  It 
should  be  remembered  that  the  purpose  of  this 
study  is  to  present  a  comparison  of  tax  rates 
and  burdens  on  certain  typical  vehicles  rather 
than  to  include  all  taxes  on  all  vehicles.  Un- 
doubtedly many  of  the  larger  trucks  traveling 
in  interstate  commerce  are  subject  to  greater 
taxes  than  are  reported  in  this  study,  and  are 
also  subject  to  restrictions  and  regulations 
that  impose  additional  burdens.  The  larger 
units  apparently  have  certain  offsetting  eco- 
nomic advantages,  however,  or  they  would 
not  be  in  use. 

Data  Collected  From  States 

The  data  received  from  the  States  are  pre- 
sented in  tables  3-8.  Table  3  reports  the 
taxes  on  the  light-  and  medium-weight  passen- 
ger cars.  Table  4  shows  the  taxes  on  pick-up 
trucks  in  farm  service  and  in  private  use: 
these  light  trucks  are  almost  never  registered 
for  contract-carrier  service.  Table  5  covers 
the  taxes  on  the  single-unit  stake  truck,  oper- 
ated as  a  farm  vehicle  and  in  both  private  and 
for-hire  hauling.  Tables  6  and  7  report 
respectively  the  taxes  on  the  single-unit  van 


and  the  three-axle,  40,000-pound  tractor" 
semitrailer,  in  private  and  in  contract-carrier 
service.  These  two  types  are  seldom  used  on 
farms.  Table  8  shows  the  taxes  on  the  five- 
axle,  64,000-pound  tractor-semitrailer  oper- 
ated as  a  contract  carrier.  Such  large 
vehicles  are  rarely  found  in  private  or  farm 
service. 

In  addition  to  the  tabular  presentation,  the 
variations  among  States  of  the  registration 
fees,  gasoline  taxes,  and  personal-property 
taxes,  and  their  totals,  are  shown  graphically 
in  figures  1-6  (pp.  41-3)  for  some  of  the  vehicles. 
Figures  1  and  2  represent  average  combined 
data  for  the  two  passenger  cars;  figures  3  and 
4,  for  the  single-unit,  l}£-ton  stake  truck  in 
private  use;  and  figures  5  and  6,  for  the  three- 
axle,  40,000-pound  tractor-semitrailer  in  pri- 
vate use.  In  all  six  of  these  charts  the  States 
are  arranged  in  order  from  lowest  to  highest 
costs,  the  rank  in  figures  1,  3,  and  5  being 
according  to  total  amount  while  in  figures  2, 
4,  and  6  the  rank  is  according  to  road-user 
taxes  only. 

Variations  in  Taxes 

Figure  1  shows  that  for  passenger  cars  the 
total  road-user  and  personal-property  taxes 
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Table  4.— Road-user  and  personal-property  taxes  on  a  single-unit  pick-up  truck,  4,700  pounds  gross  vehicle  weight 


Region  and  State 

Farm 

Private 

Regis- 
tration 
fee 

Property 
tax 

Other 
taxes 
and 
fees 

Gasoline 
tax 

Total 

Rank  of  State 

Regis- 
tration 
fee 

Property 
tax 

Other 

taxes 
and 
fees 

Gasoline 
tax 

Total 

Rank  of  State 

Total 
fees 
and 
taxes 

Total, 
exclud- 
ing 
prop- 
erty 
tax 

Total 
fees 
and 

taxes 

Total, 
exclud- 
ing 
prop- 
erty 
tax 

New  England: 
Maine 

$15. 00 
21.15 
22.00 
7.50 
24.80 
11.70 

24.80 
12.  00 
16.50 
10.00 
12.00 
20.00 
15.00 

12.00 

10.00 
5.00 
2.50 

23.25 
4.50 
7.50 

15.00 
7.00 

15.70 
15.00 
12.00 
10.85 
5.00 
20.00 
25.00 
10.00 

12.00 
3.00 
9.60 
9.40 

21.00 
15. 00 
8.00 
7.50 

10.00 
5.00 
5.00 
5.75 
16.00 
14.  35 
7.50 
5.00 

10.50 
10.85 
16.00 

$14.  55 
10.48 

20.56 
15. 14 
18.16 

5.00 
14.66 
23.28 

15.40 

7.19 

15.51 

35.10 

16.00 

11.34 
13.99 

15.54 
9.77 

10.72 
10.34 

7.06 

16.07 
20.95 

12.43 

13.96 
13.97 

16.80 
14.73 
14.47 

$1.00 
1.00 

1.00 

.25 

.50 
.50 
.75 

.50 

.50 

10.25 
21  "66 

$23.22 
15.48 
19.35 
11.61 
15.48 
15.48 

15.48 
11.61 
19.35 
19.35 
19.35 
15.48 
19.35 

23.22 
27.09 
23.22 
27.09 
27.09 
27.09 
27.09 
23.22 
23.22 

15.48 
15.48 
11.61 
11.61 
15.48 
19.35 
15.48 
7.74 

25.16 
34.83 
25. 16 
15.48 

15.48 
15.48 
23.22 
19.35 

23.22 
23.  22 
15.48 
23.22 
27.09 
19.35 
15.48 
17.42 

25.16 
23.22 
17.42 

$52.  77 
47.11 
41.35 
39.67 
55.42 
45.34 

40.28 
24.61 
35. 85 
29.35 
36.35 
51.14 
57.63 

50.62 
44.28 
44.73 
64.69 
50.59 
48.09 
35.09 
50.31 
44.21 

31.18 

46.02 
33.38 
22.46 
20.48 
39.35 
40.48 
28.46 

47.50 
37.83 
35.26 
31.  94 

36.48 
30.48 
47.29 
47.80 

45.65 
28.22 
34.44 
42.94 
43.09 
50.50 
38.21 
36.89 

45.91 
34.07 
54.42 

5 
15 
25 
28 

3 
19 

27 
47 
35 
44 
34 
6 
2 

7 
21 
20 
1 
8 
11 
37 
10 
22 

42 

16 
40 
48 
49 
29 
26 
45 

13 
31 
36 
41 

33 
43 
14 
12 

18 
46 
38 
24 
23 
9 
30 
32 

17 
39 
4 

11 
15 

5 
48 

7 
38 

8 
41 
18 
34 
27 
16 
22 

20 
14 
35 
33 
2 
26 
21 
10 
32 

29 
31 

42 
44 
47 
9 
6 
49 

13 

12 
19 

40 

17 

30 

.  28 

39 

25 
37 
46 
36 
4 
24 
43 
45 

3 
23 

1 

$15. 00 
21.15 
22.00 
7.50 
18.00 
11.70 

24.80 
24.00 
16.50 
15.00 
12.00 
20.  00 
15.00 

12.00 
20.00 
5.00 
2.50 
23.  25 
10.00 
15.00 
15.00 
10.00 

26.50 
15.00 
12.00 
24.80 
20.00 
25.00 
25.00 
15.00 

12.00 
10.00 
20.00 
18.80 

34.00 
15.00 
15.00 
7.50 

10.00 
10.00 
5.00 
5.75 
16.00 
14.35 
7.50 
5.00 

16.00 
21.70 
16.00 

$14.  55 
10.48 

20.56 
21.20 
25.05 

5.00 
14.66 
29.10 

15.40 
16.26 
28.38 
34.71 

30.00 

18.09 
34.69 

19.15 
13.24 

15.41 

14.68 
25.45 

16.69 

35.02 
33.03 

25.80 

13.96 
13.97 

16.80 
23.55 
27.00 

$1.00 
1.00 

1.00 

.25 
.50 

.50 
.75 

.50 

.50 

10.25 
12.00 
21.00 

$36.  00 
24.00 
30.00 
18.00 
24.00 
24.00 

24.00 
18.00 
30.00 
30.00 
30.00 
24.00 
30.00 

36.00 
42.00 
36.00 
42.00 
42.00 
42.00 
42.00 
36.00 
36.00 

24.00 
24.00 
18.00 
18.00 
24.00 
30.00 
24.00 
12.00 

39.00 
54.00 
39.00 
24.00 

24.00 
24.00 
36.00 
30.00 

36.00 
36.00 
24.00 
36.00 
42.00 
30.00 
24.00 
27.00 

39.00 
36.00 
27.00 

$65.  55 
55.63 
52.00 
46.06 
63.20 
60.75 

48.80 
43.00 
46.50 
45.00 
47.00 
59.  66 
74.10 

63.  40 
78.26 
70.38 
79.21 
65.50 
82.50 
57.50 
69.  84 
80.69 

50.50 
58.15 
43.24 
42.80 
44.00 
65.00 
49.00 
42.41 

65.68 
89.45 
59.  50 
59.49 

58.00 
39.00 
86.02 
70.53 

71.80 
46.00 
42.96 
55.72 
58.00 
61.15 
55.55 
59.00 

65.25 
69.70 
64.00 

14 
31 
34 
40 
19 
21 

37 

45 
39 
42 
38 
22 
7 

18 

6 
10 

5 
15 

3 
29 
11 

4 

35 
26 
44 
47 
43 
33 
36 
48 

13 

1 

23 

24 

27 

49 

2 

9 

8 
41 
46 
30 
28 
20 
32 
25 

16 
12 

17 

16 
26 
13 
49 
37 
43 

20 
33 
22 
29 
38 
27 
28 

21 
6 
36 
30 
2 
12 
10 
14 
24 

18 
41 
46 
35 
32 
11 
19 
48 

17 
4 
7 

34 

8 
40 
15 
42 

23 

25 
47 
39 
9 
31 
45 
44 

3 
I 
5 

New  Hampshire 

Vermont .. 

Massachusetts 

Rhode  Island 

Middle  Atlantic: 
New  York 

Pennsylvania. 

Delaware .  . 

Maryland 

District  of  Columbia. 

West  Virginia 

Southeastern: 

North  Carolina 

South  Carolina . 

Kentucky .  _. 

Tennessee 

Alabama  

Mississippi. 

East  Central: 
Ohio 

Indiana 

Illinois 

Michigan . 

Wisconsin. 

Minnesota.. .  . 

Iowa 

Missouri 

Southwestern: 
Arkansas 

Oklahoma .  _ 

Texas 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska 

Kansas... 

Mountain: 
Montana..  ..  

Idaho 

Wyoming 

Colorado- 

New  Mexico 

Arizona . 

Utah 

Nevada 

Pacific: 

Washington 

Oregon. 

\ 

vary  widely.  Peculiarly  enough,  the  three 
States  with  the  highest  charges  have  registra- 
tion fees  that  differ  very  little,  and  gasoline 
taxes  that  are  only  about  50  percent  larger, 
than  the  three  States  with  the  lowest  totals. 
Property  taxes  alone  in  the  three  highest 
States  exceed  the  sum  of  the  registration  fees 
and  gasoline  taxes  in  the  three  lowest  States, 
which  have  no  property  taxes.  It  will  be 
noted  generally  that  the  States  with  very  low 
registration  fees  have  compensatingly  large 
property  taxes,  while  the  States  with  high 
registration  fees  have  no  property  taxes  at  all. 
A  similar  but  less  striking  situation  exists  for 
trucks  and  combinations,  as  evidenced  in 
figures  3  and  .5. 

On  the  other  hand,  it  may  be  seen  from 
figure  2  that,  of  the  five  States  with  gasoline- 
tax  rates  of  3  cents  or  less,  Massachusetts, 
Missouri,  and  Illinois  have  the  lowest  road-user 
revenue  per  passenger  car  of  all  the  States, 
while  Michigan  and  New  Jersey  fare  little 
better.  The  latter  two  States,  collecting  no 
personal  property  taxes,  are  the  lowest  in 
figure  1.     The  effect  of  the  low  gasoline-tax 


rates  is  similarly  evident  for  trucks  and  combi- 
nations in  figures  3-6. 

Extremes  and  Averages 

The  road-user  and  personal-property  taxes 
listed  in  detail  for  all  States  in  tables  3-8  are 
summarized  in  table  2  (page  34)  to  show  the 
nation-wide  average  fees  for  each  of  the  ve- 
hicles selected,  together  with  the  lowest  and 
highest  fees  for  each  vehicle  and  type  of 
service.  The  average  fees  are  simple  un- 
weighted arithmetic  averages  of  the  totals  for 
all  States.  In  the  case  of  property  taxes  they 
are  averages  reflecting  only  the  States  that 
levy  such  a  tax. 

In  making  comparisons  between  national 
averages  and  the  fees  of  a  given  State,  or 
between  fees  for  different  vehicle  types  within 
the  same  or  other  States,  adequate  allowance 
should  be  made  for  the  fact  that  some  of  the 
States  with  relatively  high  taxes  on  specific 
vehicles,  or  on  vehicles  in  certain  types  of 
service,  have  a  very  small  number  of  vehicles 
registered  in  that  group. 


Truck  Registration  Fees 

The  variations  in  truck  registration  fees 
among  States,  as  shown  in  tables  4-8,  are  of 
considerable  interest.  In  some  States  the 
tax  schedules  range  from  relatively  low  fees 
on  light  trucks  to  relatively  high  fees  on  heavy 
trucks  (when  compared  with  the  fee  ranges 
in  other  States),  while  in  others  this  is 
reversed.  The  Mississippi  registration  fee 
for  the  pick-up  truck,  for  example,  ranked 
38th  among  the  States,  but  the  fees  for  the 
heavier  trucks  in  private  service  were  28th, 
20th,  and  9th,  respectively,  reflecting  rela- 
tively more  favorable  fees  for  light  trucks  and 
less  favorable  fees  for  heavy  trucks,  when 
compared  with  other  States.  New  Jersey,  on 
the  other  hand,  collects  the  7th  highest  fee 
on  the  pick-up  truck,  with  the  fees  on  the 
heavier  vehicles  ranking  13th,  18th,  and  29th 
among  the  States,  thus  imposing  relatively 
high  fees  on  light  trucks  as  compared  with 
heavy  trucks.  (In  both  of  these  States,  the 
heavy  tractor-semitrailer  is  not  included 
because  it  is  illegal.) 
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Table  6.— Road-user  and  personal-property  taxes  on  a  single-unit  van  truck,  IS, 500  pounds  gross  vehicle  weight 


Region  and  State 

Private 

Contract,  for  hire 

Regis- 
tration 
fee 

Property 
tax 

Other 
taxes 
and 
fees 

Gasoline 
tax 

Total 

Rank  of  State 

Regis- 
tration 
fee 

Property 
tax 

Other 
taxes 

and 
fees 

Carrier 
taxes 
and 
fees 

Gasoline 
tax 

Total 

Rank  of  State 

Total 
fees 
and 
taxes 

Total, 
exclud- 
ing 
prop- 
erty 
tax 

Total, 

Total    exelud- 

fees          ing 

and       prop- 

taxes       erty 

tax 

New  England: 

$125. 00 
111.00 
175.  75 
27.00 
54.00 
55.50 

63.20 
80.00 
70.00 
69.00 
75.00 
50.  00 
78.00 

45.60 

144.  00 
125.00 

37.50 
79.00 
112.00 
80.00 
50.00 
79.00 

113.00 

50.00 
110.00 

98.75 
185. 00 

80.00 
155.00 

40.00 

63.00 
120. 00 

145.  00 
129.  50 

73.00 
87.  50 
120.  00 
60.00 

75.00 
50.00 
40.00 
25.00 
67.50 
54.85 
60.00 
25.64 

75.00 
71  10 
56.00 

$55.  63 
40.05 

78.60 
81.00 
90.87 

20.00 
53.36 
111.25 

59.40 
64.62 
63.20 
72.54 

116.25 

25.46 
60.49 

57.52 
25.23 

18.50 

53.05 
25.45 

43.09 

95.20 
126.29 

79.38 

63.40 
53  40 

60.00 
64.63 
233.  50 

$1.00 
1.00 

1.00 

.25 

.75 
.50 
.75 

.50 

185. 00 
62.00 

.50 
142.45 

28.50 
90.00 
58.00 

$138.  42 
92.28 
115.35 
69.21 
92.28 
92.28 

92.28 
69.21 
115.35 
115.35 
115.35 
92.28 
115.35 

138. 42 
161. 49 
138. 42 
161. 49 
161.  49 
161.49 
161.  49 
138.  42 
138.  42 

92.28 
92.28 
69.21 
69.21 
92.28 
115.35 
92.28 
46.14 

149. 96 

207. 63 

149. 96 

92.28 

92.28 
92.28 
138.  42 
115.35 

138. 42 
138.  42 

92.28 
138.  42 
161.  49 
115.35 

92.28 
103.82 

149. 96 
138.  42 
103. 82 

$319. 05 
243.  33 

291. 10 
174.81 
227.  28 
238.  65 

155.  48 
150.  21 
185.  35 
184.  35 
210.  35 
196.  64 
304.  60 

243.  42 

370. 11 
327.  62 
271.  53 
240.74 
390.  49 
241.99 
214.  63 
277.  91 

205.28 
199. 80 
204.  44 
167.  96 
277.  28 
195.  35 
247.  28 
104.64 

266. 01 
353. 08 
295.  46 
264. 87 

165.28 
364. 78 
353. 62 
363. 64 

292. 80 
188. 42 
185. 68 
216.82 
228.99 
230.  20 
217.41 
505.41 

253.  46 
299.  52 
217.  82 

9 
23 

14 
44 
29 
26 

47 
48 
42 
43 
34 
38 
10 

22 

3 

8 
17 
24 

2 
25 
33 
15 

35 
37 
36 
45 
16 
39 
21 
49 

18 
7 

12 
19 

46 
4 
6 
5 

13 
40 
41 
22 
28 
27 
31 
1 

20 
11 
30 

11 
25 
6 
48 
44 
43 

40 
42 
32 
33 
29 
45 
28 

34 

3 
10 
26 
16 

8 
15 
30 
21 

24 
46 
35 
37 
7 
27 
14 
49 

23 

2 
5 
19 

38 

1 

12 

17 

22 
31 

47 
39 
18 
36 
41 
9 

13 

4 

20 

$125. 00 
111.00 
175.  75 
27.00 
54.00 
55.50 

63.20 
80.00 
70.00 
69.00 
75.00 
50.00 

156.  00 

45.60 
252.  00 
125.  00 

75.00 
225.  75 

45.  00 
140.  00 

50.00 

157.  00 

113. 00 

50.00 
110.  00 

98.75 
185.  00 

80  DO 
155.  00 

40.00 

63.00 

240.  00 
145.  00 
129.  50 

73.  00 
87.50 
120. 00 
60.00 

75.00 
60.00 
40.00 
25.00 
33.75 
54.85 
60.00 
25.64 

75  00 
71.10 
56.00 

$55.  63 
40.05 

78.60 
81.00 
90.87 

20.00 
53.  36 
111.25 

59.  40 
64.62 
63.20 
72.54 

116.  25 

25.  46 
60.49 

57.  52 
25.23 

18.50 

63.05 
25.  45 

43.09 

95.20 
126.29 

79.38 

53.  40 
53.40 

60.00 
64.63 
233.  50 

$1.00 
1.00 

1.00 

.25 
.50 
.50 
.75 

.50 

.50 

28.50 
58. 00 

$5.00 
2.00 

5.00 
5.00 
5.00 

10.00 

22.50 
130.  00 

150.00 
25.00 

250.  50 

121. 00 
12.50 

126.  00 
13.00 

20.00 
12.00 

50.00 

190.  00 

7.  50 

5.00 

10.00 
11.00 

50.00 
185. 00 

10.00 
125. 00 

60.00 

106.  25 
146.  00 
62.50 
250.  00 

142.  45 

18.00 

150.00 
325.  00 

$230. 76 
153.84 
192.  30 
115.38 
153.84 
153. 84 

153. 84 
115.38 
192. 30 
192. 30 
192. 30 
153. 84 
192. 30 

230.  76 
269.  22 
230.76 
269.  22 
269.  22 
269. 22 
269.  22 
230.76 
230.  76 

153. 84 
153. 84 
115.  38 
115.38 
153.  84 
192. 30 
153.84 
76.92 

250. 00 
346. 14 
250. 00 
153. 84 

153.84 
153. 84 
230. 76 
192. 30 

230.  76 
230.  76 
153.  84 
230.  76 
269.  22 
192.  30 
153. 84 
173. 07 

250.  00 
230.76 
173. 07 

$416.39 
306. 89 
368. 05 
225.  98 
293.  84 
305. 21 

217. 04 
196. 38 
272. 30 
261.  30 
287.30 
258.  20 
482.  05 

465.  76 
585. 84 
569. 96 
441. 76 
745.  72 
651.  97 
422.  22 
432.  97 
461.  25 

286.84 
273.  36 
250.  61 

264. 13 
528.84 
279.80 
313. 84 
135.  42 

366. 05 
621.  59 
395.  50 
337. 43 

276. 84 
426.  34 

455. 96 
503.  59 

445. 14 
290  76 
353.  49 
455. 16 
365.  47 

557. 15 

278. 97 
574.  66 

371.  50 
451.86 
612. 07 

22 
31 
25 
46 
33 
32 

47 
48 
41 
43 
35 
44 
11 

12 

4 

6 
18 

1 

8 
21 
19 
13 

36 
40 
45 
42 
9 
37 
30 
49 

26 
2 
23 
29 

39 
20 

14 
10 

17 
34 
28 
15 
27 

7 
38 

5 

24 
16 
3 

25 
37 
21 

48 
45 
44 

41 

47 
35 
39 
36 
46 
19 

13 

5 

6 
20 

1 

9 
11 
12 
15 

32 
42 
40 
38 
4 

33 
27 
49 

28 
3 
16 
30 

34 
10 
24 

17 

22 
31 
29 
14 
23 
7 
43 
26 

18 
8 
2 

New  Hampshire 

Rhode  Island . 

Middle  Atlantic: 
New  York 

Delaware - 

Maryland 

District  of  Columbia... 
West  Virginia 

Southeastern: 
Virginia 

North  Carolina 

South  Carolina 

Florida 

Mississippi 

East  Central: 
Ohio     

Illinois          

Michigan 

Minnesota 

Southwestern: 
Arkansas 

Texas 

West  Central: 

South  Dakota.. 

Nebraska 

Mountain: 

Idaho 

Wyoming 

New  Mexico 

Utah.. 

Pacific: 
Washington .  . 

Oregon - 

California 

As  a  generalization,  in  the  States  in  which 
manufacturer's  rated  capacity  is  the  basis  of 
the  registration  fee  schedule,  truck  fees  tend 
to  be  relatively  low  in  all  weight  groups,  and 
particularly  so  for  heavy  vehicles.  Manufac- 
turer's rated  capacities,  as  generally  used  in 
the  past,  have  lost  their  significance  and  use- 
fulness as  measures  of  actual  carrying  capac- 
ity, and  in  so  doing  have  also  lost  most  of 
their  value  as  bases  for  taxation.  Most  States 
have  converted  to  a  much  more  realistic  gross- 
weight  tax  basis.  The  establishment  of 
uniform  standards  of  applying  gross  vehicle 
weight  ratings  for  all  trucks  has  been  under 
cooperative  study  by  State  and  Federal  au- 
thorities and  by  the  truck  industry  for  some 
time. 

Farm  Service  Registrations 

As  stated  previously,  special  "farm"  service 
classifications,  with  reduced  registration  fees 
for  farmers'  trucks  but  without  restriction  as 
to  the  highways  they  may  use,  are  in  effect  in 
23  States.  The  provision  for  registration  of 
farm  trucks  at  half  of  the  regular  fee  for  private 


trucks  is  a  common  one,  but  several  Stales 
allow  considerably  larger  reductions,  as  may 
be  seen  in  tables  4  and  5.  In  Kentucky,  for 
instance,  the  regular  registration  fee  for  the 
stake  truck  with  a  gross  vehicle  weight  rating 
of  12,500  pounds  is  $32,  but  a  farmer  can 
register  the  same  truck  for  $4.50.  The  flat 
fee  of  $4.50  is  applicable  to  farm  trucks  with 
gross  vehicle  weight  of  22,000  pounds  or  less, 
but  a  22,000-pound  vehicle  in  private  use 
requires  a  registration  fee  of  $134.  Farm 
trucks  comprised  31  percent  of  all  trucks  regis- 
tered in  Kentucky  in  1948.  In  Nebraska,  the 
12,500-pound  gross-vehicle-weight  stake  truck 
requiring  a  registration  fee  of  $80  for  regular 
private  use  can  be  registered  for  $12  as  a  farm 
truck.  In  1948,  more  than  49  percent  of 
Nebraska's  trucks  were  registered  as  farm 
trucks. 

The  numbers  of  trucks  registered  in  the 
farm  classification  were  reported  separately  in 
1948  by  only  15  States.  In  9  of  these  15 
States  farm  truck  registrations  accounted  for 
more  than  30  percent  of  the  total  truck  regis- 
trations.    It  should   not  be  forgotten,   how- 


ever, that  the  special  reduced  rates  for  regis- 
tration of  farm  trucks  are  in  part  compensated 
for  by  the  established  fact  that  farm  trucks 
operate  fewer  miles  per  year  than  other  trucks. 
Thus  the  reduction  on  a  cents-per-mile  basis 
is  not  as  great  as  it  might  appear  from  a  com- 
parison of  the  registration  fees  in  tables  4 
and  5. 

Road-User  Taxes 

While  the  differences  in  registration  fees 
between  vehicles  and  between  States  are  of 
considerable  significance,  one  of  the  purposes 
of  this  study  was  to  present  the  road-user 
taxes  so  that  they  could  be  considered  collec- 
tively as  well  as  individually.  With  State 
gasoline  taxes  ranging  from  2  to  9  cents  a 
gallon,  the  effect  of  low  registration-fee  sched- 
ules is  often  compensated  by  correspondingly 
high  gasoline-tax  rates,  and  vice  versa.  This 
is  illustrated  by  the  situation  in  Vermont 
which,  in  1948,  had  the  highest  average  truck 
registration  fee  in  the  United  States — $86, 
compared  to  less  than  $9  in  Montana — and 
one  of  the  highest  fees  for  automobiles,  but 
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Table  7.— Road-user  and  personal-property  taxes  on  a  three-axle,  tractor-semitrailer  combination,  40,000 pounds  gross  vehicle  weight 


Region  and  State 


New  England: 

Maine 

New  Hampshire. 

Vermont 

Massachusetts.. . 

Rhode  Island 

Connecticut 

Middle  Atlantic: 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

Dist.  of  Col 

West  Virginia 

Southeastern: 

Virginia 

North  Carolina.. 

South  Carolina... 

Georgia 

Florida.. 

Kentucky 

Tennessee.. 

Alabama 

Mississippi 

East  Central: 

Ohio 

Indiana... 

Illinois ---;. 

Michigan 

Wisconsin 

Minnesota. 

Iowa 

Missouri 

Southwestern: 

Arkansas _. 

Louisiana. _. 

Oklahoma 

Texas 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming... 

Colorado 

New  Mexico 

Arizona 

Utah 

Nevada 

Pacific: 

Washington 

Oregon 

California 


Private 


Regis- 
tration 
fee 


Properly 
tax 


$305. 00 
240.  00 
390.  00 
61.00 
129.00 
200. 00 

124.  00 
168.00 
171.00 
150.00 
235.00 
100.  00 
61.25 

180.  00 
320.  00 
215.  00 
110.00 

192.  50 
350.  00 
275. 00 

75.00 
282.00 

220.  00 
215.  00 
250. 00 

193.  75 
240. 00 
360. 00 
495.  00 
153. 00 

205.  00 
240. 00 
345. 00 
271. 00 

281.50 
172. 50 
381.00 
130.00 

245.00 
125. 00 
80.00 
45.00 
154.50 
115.75 
150.  00 
69.75 

156. 00 
139.  50 
112.00 


$62.  50 
74.39 

145799 

160.  42 
220. 18 


60.00 
95.87 
206.  62 

110.00 
120.01 
130.  28 
104.92 


202.  50 

50.92 
97.73 

137.88 

57.82 

34.94 

102.  69 
59.38 

78.91 

209.  66 
234.56 

97.91 

99.18 
99.18 

111.80 
100. 78 
200. 84 

Other 

taxes 

and  fees 


Gasoline 
tax 


$2.00 


2.00 


2.00 

""."50 

.75 

.50 

1.25 


1.00 


370. 00 
"74766 


.50 
280.25 

53.25 
437.  50 
130. 00 


$420.  00 
280.  0IJ 
350.  00 
210.00 
280.  00 
280.  00 

280. 00 
210.  00 
350.  00 
350.  00 
350.  00 
280.  00 
350.  00 

420.  00 
490.  00 
420.  00 
490.  00 
490.  00 
490.  00 
490.  00 
420.00 
420.  00 

280.  00 
280.00 
210.  00 
210.  00 
280.  00 
350.  00 
280. 00 
140. 00 

455. 00 
630.  00 
455. 00 
280.00 

280. 00 
280. 00 
420. 00 
350. 00 

420.  00 
420.  00 
280.  00 
420.  00 
490.  00 
350.  00 
280. 00 
315. 00 

455.  00 
420.  00 
315.00 


Total 


$787.  50 
594.  39 
740.  00 
416.  99 
569.  42 
700. 18 

404. 00 
380. 00 
521.00 
500.  00 
645.  00 
477.  87 
617.87 

710. 00 

930. 01 
767.  28 
764. 92 
683.  00 

1,  043.  25 
765.  50 
547.  17 
799.  73 

500.  00 
632. 88 
517.82 
403.  75 
520.  00 
710. 00 
775.  00 
327. 94 

762.  69 
929.  38 
801.  00 
629.  91 

561.  50 

822.  50 

1,  010.  06 

788.  56 

762.  91 
545. 00 
459.  18 
564.  18 
644.  50 
577.  55 
531.28 
865.  84 

664. 25 
997. 00 
557. 00 


Kank  of  State 


Total 

and 
taxes 


II 
29 

is 
45 
51 

21 

46 
48 

MS 

12 

21 
43 

2s 

19 

4 
13 
15 

22 

1 

11 

35 
9 

li 
26 
40 
47 
39 
20 
12 
49 


33 

7 
2 

10 

Hi 
30 
44 
32 
25 
30 
37 


23 

3 

31 


Total, 
exclud- 
ing 
prop- 
erty 
tax 


11 
31 

10 

49 
42 
36 

43 
46 
29 
33 
23 
45 
41 

21 

5 

20 

22 

14 

3 

9 

34 

13 

32 
35 
39 
11 
30 
12 
8 


18 
2 
6 

27 

24 
4 
7 

26 

16 
28 
47 
38 
10 
37 
40 
15 

17 

1 

25 


Contract,  for  hire 


Regis- 
tration 
fee 


Property 
tax 


$305. 00 
240.00 
390.  00 
61.  00 
129. 00 
200.  00 

124.  00 
168.  00 
171.00 
150.  00 
235.00 
100.  00 
122.  50 

180.00 

560.  00 
215.  00 
225.  00 
360.  00 
150.  00 
400.  00 
75.00 
552.  00 

220.  00 
215.  00 
250.  00 
193.  75 
240.  00 
360.  00 
495.  00 
153.00 

205.  00 
480.  00 
345.  00 
271.  00 

281.  50 
172.50 
381.  00 
130.  00 

245. 00 
160.  00 
80.00 
45.00 
77.25 
115.75 
150.00 
69.75 

156.  00 
139.  50 
112.00 


Other 

taxes 
and  fees 


$62.  50 
74.39 


145.  99 
160.42 
220. 18 

$2.00 

60.00 
95.87 
206.  62 

2.00 

110.00 
120.  01 
130.  28 
164.  92 

202."  50 

"50."  92 
97.73 


137.88 
57.82 


34.94 


102.  69 
59.38 


78.91 


209.  66 
234.56 

97.91 

"99."  18 
99.18 

iii.lo 

100.  78 
200. 84 


2.00 

7  50 
.50 
.50 
1.25 


1.00 


Carrier 

taxes 

and  fees 


Gasoline 
tax 


53.25 

136766 


$10. 00 
2.00 

"5."  66 
7.00 
5.00 


10.00 


30.00 
330. 00 

3o6."66 

25.00 
450.  50 
320. 00 

17.50 
338.  50 

13.00 

30.00 
24.00 

186766 

590.  00 
7.50 
5.00 


10.00 

"ii.'oo 

50.00 
370.  00 

20.00 
270. 00 

110.00 

400.94 

606.  60 
675.  00 
500.  00 

280."25 

36.00 
562.  50 
650.  00 


$540.  00 
360.  00 
450.  00 
270.  00 
360.  00 
360.  00 

360.  00 
270.  00 
450.  00 
450.  00 
450.  00 
360.  00 
450.  00 

540.  00 
030.  00 
540.  00 
630.  00 
630.  00 
630.  00 
630.  00 
540.  00 
540.  00 

360.  00 
360. 00 
270.  00 
270.  00 
360.  00 
450.  00 
360. 00 
180.  00 

585.  00 
810.  00 
585.  00 
360.  00 

360  00 
360. 00 
540. 00 
450.  00 

540.  00 
540.  00 
360.  00 
540.  00 
630.  00 
450. 00 
360.  00 
405. 00 

585.  00 
540.00 
405.00 


Total 


$917.  50 
676.  39 
840.  00 
481.  99 
656.  42 
785. 18 

484.  00 
440.  00 
631.  00 
600.  00 
745.  00 
557.  87 
809. 12 

1,160.00 
1,310.01 
1, 187.  28 
1,  044.  92 
1,441.00 
1,303.00 
1, 048. 00 
1,  005.  67 
1,  202.  73 

010  00 
736.  88 
577.  82 
643.  75 
1, 190.  00 
817.  50 
860.  00 
367.  94 

892.  69 

1,359.38 

931.00 

720.  91 

691.  50 

902.  50 

1,150.66 

1,084.56 

992.  91 

700. 00 

940. 12 

1,  290.  78 

1,382.25 

1,  177.  55 

611.  28 

955. 84 

830.  25 
1,242.00 
1,  297. 00 


Rank  of  State 


Total 
fees 
and 

taxes 


23 
37 
27 
17 
28 
31 

46 
4S 
■10 
43 
32 
45 
30 

13 

4 
11 
17 
1 
5 
16 
IS 


42 
33 

II 
39 
10 
29 
26 


25 
3 

22 
34 

30 
24 

14 

15 

10 
35 
21 
7 
2 
12 
41 
20 


Total, 
exclud- 
ing 
prop- 
erty 
tax 


22 
38 
25 
48 

1! 
41 

45 
47 
35 
39 
52 
46 
37 


12 

20 

1 
10 

14 
15 
9 

36 

40 
42 
33 
7 
27 
21 
49 

28 

3 

17 
51 

31 
18 
10 

23 

19 

50 
24 
6 
2 
11 
43 
29 

26 
5 
4 


. 


its  total  road-user  revenue  per  vehicle  was  well 
down  among  the  States  as  the  result  of  a  4^- 
cent  gasoline  tax. 

This  leveling  out  in  some  States  of  regis- 
tration fees  and  gasoline  taxes,  considered 
in  combination,  is  further  brought  out  in  the 
present  study.  Kentucky,  for  instance, 
ranks  40th,  34th,  12th,  and  5th  in  amounts  of 
registration  fees  paid  on  the  four  commercial 
vehicles  in  private  use,  indicating  a  relatively 
low  registration  fee  on  the  lightest  truck  and  a 
gradual  increase  to  a  relatively  high  fee  for 
the  40,000-pound  tractor-semitrailer.  When 
coupled  with  a  7-cent  gasoline  tax  rate,  the 
corresponding  ranks  of  these  vehicles  among 
the  States  become  much  more  uniform — 12th, 
17th,  8th,  and  3rd,  respectively.  The  weight 
of  the  gasoline  tax  payments  compared  with 
registration  fees  is  also  exemplified  in  the  fact 
that  the  ranks  by  total  road-user  revenues  are 
at  a  considerably  higher  level  than  the  ranks 
of  registration  fees  considered  alone. 

The  tendency  of  a  low  gasoline  tax  rate  to 
affect  total  road-user  payments  in  the  opposite 
direction  is  demonstrated  by  the  fees  paid  in 


Ohio.  The  registration  fees  for  the  four 
private-use  trucks  rank  2nd,  9th,  11th,  and 
19th,  indicating  a  high  registration  fee  for 
the  lightest  truck  and  progressively  lower  fees, 
although  above  the  national  average,  for  the 
heavier  vehicles.  With  the  addition  of  gaso- 
line tax  payments  at  a  4-cent  rate,  total  road- 
user  revenues  rank  18th,  24th,  24th,  and  32nd 
among  the  States,  a  somewhat  more  uniform 
payment  for  all  vehicles  and  a  relatively  lower 
total  road-user  tax  payment,  much  nearer  the 
median  for  the  nation. 

Other  Taxes  and  Vehicle  Types 

The  tables  and  charts  presented  in  this 
article  provide  sufficient  data  to  make  general 
comparisons  of  the  principal  direct  and 
recurring  State  taxes  on  motor  vehicles,  and 
are  not  intended  to  constitute  a  detailed 
analysis.  A  detailed  study  of  all  of  the  direct 
taxes  that  apply  to  motor  vehicles  would  be 
an  enormous  undertaking.  It  is  well  to  remem- 
ber that  there  are  taxes  not  included  in  this 
presentation  that  are  closely  associated  with 


highway  transportation  and  yield  consider- 
able amounts  of  revenue.  Sales  or  use  taxes 
(collected  once  on  each  vehicle)  and  drivers' 
licenses  are  two  of  the  more  important  levied 
by  the  States,  with  titles  and  transfers  also 
bringing  in  substantial  amounts  of  revenue. 
Another  large  group  of  taxes  omitted  are  those 
imposed  by  the  Federal  Government  on  gaso- 
line, vehicles,  and  automotive  products,  which 
yielded  nearly  $1.4  billion  during  1949.  Also 
excluded  are  county,  city,  or  other  local 
registration  fees  and  gasoline  taxes,  collected 
in  some  States. 

It  should  also  be  remembered,  as  a  practical 
matter,  that  the  largest  proportion  of  revenues 
for  highways  must  be  obtained  primarily 
from  automobiles  and  relatively  light  trucks, 
i.  e.,  lj^-ton  capacity  or  less.  This  group  of 
automobiles  and  trucks  includes  approximately 
98  percent  of  all  vehicles  registered  and  it  is 
not  possible  to  raise  considerable  amounts 
of  money  from  additional  taxes  on  the  less 
than  2  percent  that  consists  of  the  relatively 
heavy  trucks. 

{Text  continued  on  page  St.) 
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The  Identification  of  Rock  Types 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  D.  O.  WOOLF, 
Senior  Materials  Engineer 


The  interest  of  highway  engineers  in  se- 
lecting the  best  rock  for  use  in  different 
types  of  highway  construction  suggests  the 
need  for  a  simple  method  of  identification 
of  rock  types  which  can  be  applied  in  the 
field.  A  suitable  method  which  will  assist 
the  highway  engineer  in  identifying  most  of 
the  different  types  of  rock  with  which  he  is 
concerned  is  presented  in  this  article.  An 
attempt,  has  been  made  to  present  this 
method  in  simple  terms  for  the  benefit  of 
those  tvho  are  not  familiar  with  expressions 
normally  used  in  petrographic  descriptions. 

THE  METHOD  of  identification  of  rock 
presented  here  is  intended  to  be  applied 
to  pieces  of  a  size  large  enough  so  that  the 
structure  of  the  rock  can  be  observed  clearly. 
In  small  pieces,  the  alinement,  if  any,  of  the 
minerals  composing  the  rock  may  not  be 
observed  as  readily  as  it  would  be  in  a  larger 
piece.  The  user  of  this  method  is  urged  to 
obtain  for  study  as  large  a  piece  of  the  rock 
as  is  convenient  to  handle.  Pieces  about  3 
inches  by  4  inches  by  2  inches  thick  may  be 
found  to  be  suitable. 

The  equipment  needed  consists  only  of  a 
knife  blade  of  good  steel,  a  small  magnifying 

Table  1. — General  classification  of  rock 


Class 

Type 

Family 

Igneous 

Intrusive 
(coarse-grained) 

Granite  ' 

Syenite  ' 

Diorite  ' 

Gabbro 

Peridotite 

Pyroxenite 

Hornblendite 

Extrusive 
(fine-grained) 

Obsidian 
Pumice 
Tufl 

Rhyolite  '  * 
Trachyte  >  2 
Andesite  ■ 2 
Basalt ' 
Diabase 

Sedimentary 

Calcareous 

Limestone 
Dolomite 

Siliceous 

Shale 
Sandstone 
Chert 

Conglomerate 3 
Breccia' 

Metamorphto 

Foliated 

Gneiss 
Schist 

Araphibolite 
Slate 

Nonfoliated 

Quartzite 

Marble 

Serpentlnlte 

glass  of  6  to  10  power,  and  a  bottle  of  dilute 
hydrochloric  acid,  preferably  with  a  dropper. 
If  the  acid  is  not  available,  household  vinegar 
will  usually  serve  in  its  place.  Sometimes  a 
fragment  of  quartz  or  a  quartz  crystal  may  be 
found  useful,  but  generally  crystals  which  are 
large  enough  to  test  with  the  quartz  can  be 
identified  visually. 

This  method  follows  that  given  by  Pirrson 
and  Knopf,1  which  in  turn  was  based  on  that 
given  by  Geikie  in  his  Textbook  of  Geology.2 
It  uses  a  combination  of  simple  physical  and 
chemical  determinations  to  identify  the  rock. 
In  some  cases  the  individual  minerals  can  be 
identified,  and  the  rock  can  be  named  from  a 
knowledge  of  its  component  minerals,  their 
abundance,  and  the  relative  amounts  of  each. 
In  other  cases  the  minerals  may  be  too  small 
to  identify  with  the  hand  lens,  and  recourse 
must  be  had  to  the  general  distribution  of  the 
minerals  and  to  the  structure  of  the  rock.  It 
should  not  be  expected  that  this  method  will 
permit  the  identification  of  any  and  all  rocks, 
but  it  is  believed  that  the  user  will  be  able  to 
identify  the  more  common  rocks  used  in 
highway  construction.  In  those  cases  where 
the  rock  can  not  positively  be  identified,  the 
user  of  this  method  should  have  no  hesitancy 
in  stating  which  type  of  rock  the  sample  under 
study  most  closely  resembles,  and  describing 
the  particular  features  of  the  sample  which 
are  not  in  agreement  with  the  characteristics 
of  the  type  mentioned. 

General  Classification 

A  general  classification  of  rocks  of  interest 
in  highway  construction  is  given  in  table  l.3 
The  rocks  are  first  separated  into  three 
classes — igneous,  sedimentary,  and  meta- 
morphic — on  the  basis  of  their  origin,  and  each 
class  is  subdivided  with  regard  to  physical 
characteristics  or  chemical  composition. 

In  the  igneous  class,  the  intrusive  or  coarse- 
grained rocks  include  such  familiar  materials 
as  granite  and  gabbro.  These  rocks  were 
formed  from  molten  material  and  cooled  slowly 
so  that  the  crystals  composing  the  rock  devel- 
oped to  an  appreciable  size.  The  extrusive 
rocks  were  also  formed  from  molten  material, 
but  these  cooled  so  rapidly  that  the  crystals 
are  very  small.  In  a  few  cases,  the  molten 
material  formed  as  a  glass,  resulting  in  obsid- 


ian or  similar  rocks.  The  fine-grained  crystal- 
line rocks  include  rhyolite,  trachyte,  andesite, 
basalt,  and  diabase.  The  first  three  of  these 
rocks  are  sometimes  grouped  under  a  general 
family  name  of  felsite  which  includes  light-  to 
medium-colored,  very  fine-grained  igneous 
rocks.  Basalt  and  diabase  are  frequently 
described  in  engineering  terminology  as  "trap" 
rock. 

The  sedimentary  class  of  rocks,  formed  by 
deposition  of  water-  or  wind-transported  rock 
grains,  is  separated  into  two  groups  on  the 
basis  of  the  principal  mineral  component. 
The  calcareous  rocks,  which  are  composed 
essentially  of  compounds  of  lime  or  magnesia, 
include  limestone  and  dolomite.  Sedimentary 
rocks,  which  are  composed  chiefly  of  silica, 
include  shale,  sandstone,  and  chert. 

The  metamorphic  class  is  separated  into 
two  groups  based  on  the  structure  of  the  rock. 
In  the  foliated  or  layered  types  are  included 
gneiss,  schist,  and  slate,  while  quartzite  and 
marble  are  included  in  the  nonfoliated  type. 
The  metamorphic  class  includes  those  rocks 
which  have  been  formed  from  another  type  of 
rock  by  heat  or  pressure.  For  example, 
gneiss  may  be  formed  from  granite,  marble 
from  limestone  or  dolomite,  and  quartzite 
from   sandstone.     Sometimes   this   alteration 


1  Frequently  occurs  as  a  porphyritic  rock. 

1  Included  in  general  term  "felsite"  when  constituent 
minerals  cannot  be  determined  quantitatively. 

'  May  also  be  composed  partially  or  entirely  of  calcareous 
materials. 


'  Rocks  and  Rock  Minerals,  by  Louis  V.  Pirrson  and  Adolph 
Knopf,  3rd  edition;  John  Wiley  and  Sons,  Inc.,  New  York; 
1947. 

2  Textbook  of  Geology,  by  Sir  Archibald  Geikie,  3rd  edition; 
MacMillan  and  Co.,  London;  1893. 

3  Based  on  table  2  in  Relation  of  Mineral  Composition  and 
Rock  Structure  to  the  Physical  Properties  of  Road  Materials, 
by  E.  C.  E.  Lord;  U.  S.  Department  of  Agriculture  Bulletin 
No.  348;  April  4,  1916. 


Table  2 

. — Rock-forming  minerals 

Primary  minerals 

Name 

Composition 

Quartz 

Silicon  dioxide. 

Feldspar: 

Orthoclase.. 

Silicate  of  potassium  and  aluminum. 

Microcline.. 

Silicate  of  potassium  and  aluminum. 

Plagioclase.. 

Silicate  of  sodium,  calcium,  and  alumi- 

num. 

Pyroxene: 

Augite 

Silicate  of  calcium,  iron,  magnesium, 

and  aluminum. 

Amphibole: 

Hornblende. 

Complex  silicate  principally  of  calcium, 

iron,  magnesium,  and  aluminum. 

Mica: 

Muscovite.. 

Hydrous   silicate   of    potassium    and 

aluminum. 

Biotlte 

Hydrous  silicate  of  potassium,  magne- 

sium, iron,  and  aluminum. 

Magnetite 

Iron  oxide. 

Bock  glass 

Variable. 

Garnet 

Silicate  of  aluminum,  iron,  and  calcium. 

Olivine 

Silicate  of  magnesium  and  iron. 

Secondary  minerals 

Name 

Composition 

Calcite 

Calcium  carbonate. 

Dolomite 

Calcium  and  magnesium  carbonate. 

Kaolin.. 

Hydrous  silicate  of  aluminum. 

Chlorite 

Hydrous  silicate  of  iron,  magnesium, 

and  aluminum. 

Epidote 

Hydrous  silicate  of  calcium,  aluminum, 

and  iron. 

Llmonite 

Hydrous  iron  oxide. 

Opal 

Hydrous  silicon  dioxide. 

44 


June  1950  •  PUBLIC  ROADS 


100 


Figure  1. — Diagrammatic  representation  of 
the  mineral  composition  of  igneous  rocks. 

improves  the  quality  of  the  rock,  as  in  the 
case  of  quartzite,  which  is  a  much  harder  and 
tougher  material  than  sandstone.  In  other 
cases,  the  reverse  applies:  marble  generally  is 
inferior  to  limestone  or  dolomite  as  an  aggre- 
gate for  highway  construction. 

Mineral  Composition  of  Rocks 

The  more  important  rock-forming  minerals 
are  listed  in  table  2.  These  are  separated 
into  primary  and  secondary  minerals  depend- 
ing   upon    whether    they    are    found    in    the 


original  igneous  rocks  or  were  derived  by 
alteration  of  the  minerals  in  these  rocks. 

The  essential  mineral  composition  of  the 
more  common  rocks  used  in  highway  con- 
struction is  given  in  table  3.  This  is  a  con- 
densation of  material  given  in  United  States 
Department  of  Agriculture  Bulletin  No.  348. 4 
In  table  3,  the  average  percentage  distribu- 
tion of  the  minerals  which  are  characteristic 
of  each  variety  of  rock  is  shown,  together  with 
incidental  minerals  which  are  indicated  by 
values  in  parentheses.  Minerals  which  are 
present  in  the  rocks  in  amounts  less  than  3 
percent  are  not  mentioned  separately  but  are 
grouped  in  the  table  under  "remainder." 

In  figure  1,  a  graphical  representation  of 
the  composition  of  igneous  rocks  is  shown. 
This  is  based  on  the  data  given  in  table  3,  but. 
has  been  idealized  to  a  certain  extent  for  pur- 
poses of  simplification.  In  the  segment 
marked  "glass  or  iron  ore,"  the  rock  glass 
applies  to  the  fine-grained  extrusive  rocks 
only.  m  tifum  'i 

The  color  of  the  rock  furnishes  some  indi- 
cation of  the  mineral  content.  If  the  rock 
is  white  or  light  in  color,  the  predominant 
minerals  probably  are  quartz  and  feldspar. 
Red,  brown,  green,  gray,  and  black  colors 
usually  indicate  the  presence  of  minerals 
containing  iron.  In  sedimentary  rocks,  gray 
or  black  colors  may  be  caused  by  carbonaceous 
matter. 

Classification  by  Geologic  Type 

It  will  be  helpful  if  the  user  can  classify 
rock  with  respect  to  its  general  geologic  type, 
that  is,  whether  the  rock  was  formed  directly 
from  a  molten  mass  (igneous  class),  or  was 

4  See  footnote  3,  page  44. 
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Table  3. — Mineral  composition  of  rocks 


Name  of  rock 
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Igneous  rocks: 

165 
51 
20 
23 
75 
50 
43 
6 
67 
70 

196 
29 

231 

875 
331 
109 
191 
53 
62 

107 
62 
18 
42 
17 
23 
68 
22 
71 
61 
22 
11 
61 

30 
27 
23 

(4) 
8 

45 

41 

34 

52 

7 

(8) 

9 
12 

7 
30 
44 
(3) 

6 
11 

4 
4 
(4) 

(6) 

(7) 

(10) 

(ID 

(8) 

(6) 

(3) 

(14) 

5 
5 
4 
4 
5 

10 
4 
5 
6 
5 
8 
6 

11 

3 
2 
3 

7 
6 

27 

7 
8 
7 
9 
9 
3 
7 
7 
7 
9 
7 

38 

1 

Hornblende  granite 

8 
28 

13 

27 
9 

(3) 
(3) 
(3) 
(4) 
(3) 
(6) 

(3) 
(5) 

(4) 
(3) 

.... 

Gabbro 

32 

(3) 

45 

42 

(5) 

"(8) 
(3) 

(4) 
(7) 
(8) 
(3) 
(4) 
(4) 
(4) 

12 
21 
12 

6 
3 

(3) 

.... 

48 
36 
32 
44 
35 

14 
35 
31 

46 
26 

(9) 

(4) 

— - 

(15) 

(9) 



Sedimentary  rocks: 

(6) 
(5) 
79 
35 
46 
93 

37 
31 
10 
37 
34 
11 
10 
(3) 
29 
84 
46 
29 
(3) 

83 
11 

8 
82 

(5) 
26 
(3) 

(4) 
(22) 



(9) 
(4) 
(3) 

.::: 

Feldspathic  sandstone- 
Calcareous  sandstone... 
Chert 

(3) 
42 

(3) 

Metamorphic  rocks: 

35 
35 
16 
16 
13 

(3) 

(4) 

(3) 
27 
19 

(3) 
(5) 
15 

18 
21 

(4) 
38 
41 

Biotite  gneiss 

Hornblende  gneiss 

(3) 

45 

(3) 
10 
12 
8 

(5) 
61 
70 

39 

28 
(7) 
12 

(4) 

.... 

Hornblende  schist 

Slate 

55 

(4) 
(7) 

(5) 

Quartzite.. 

Feldspathic  quartzite.. 
Pyroxene  quartzite 
Marble 

(3) 

(10) 

15 

24 

(5) 

.... 

96 

*1 
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1  Values  shown  in  parentheses  indicate  minerals  other  than  those  essential  for  the  classification  of  the  rock. 
J  Includes  3  percent  opal.  !  Includes  3  percent  garnet. 
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Figure  2. — A  vesicular  basalt  (full  size). 

formed  by  deposition  of  the  rock  grains  trans- 
ported by  water  or  wind  (sedimentary  class), 
or  was  formed  by  the  action  of  heat  or  pres- 
sure or  both  on  previously  existing  rock  (met- 
amorphic class) .  Features  which  will  assist  in 
this  classification  of  rock  are  the  following: 

Igneous  class: 

Absence  of  fossils. 

Presence  of  glass. 

Uniformity  of  structure. 

Interlocking  crystals. 
Sedimentary  class: 

Rounded  grains. 

Presence  of  fossils. 

Stratification  in  relatively  thick  layers. 

Abrupt  changes  in  color  from  layer  to  layer. 
Metamorphic  class: 

Separation  of  crystals  into  approximately 
parallel  layers. 

Formation  in  thin  parallel  layers. 

Broken  readily  into  thin  slabs. 

All  features  mentioned  for  a  given  class 
probably  will  not  be  found  in  one  single  piece 
of  rock,  but  one  or  more  of  those  mentioned 
should  be  found. 

Rock  Structure 

The  structure  of  the  rock  is  of  considerable 
assistance  in  determining  the  general  classifi- 
cation of  the  rock  and  also  in  determining  the 
precise  name  for  the  material.  Masses  of  rock 
which  show  a  marked  resemblance  to  col- 
umns are  unquestionably  of  an  igneous  origin. 
Rock  which  is  vesicular — that  is,  containing 
large  or  small  cavities  which  sometimes  are 
separated  by  thin  walls  of  rock — is  usually  an 
igneous  type.  An  example  of  this  is  shown  in 
figure  2.  In  some  igneous  rocks  these  cavities 
are  filled  with  a  material  which  is  of  a  differ- 
ent nature  from  that  of  the  rock  itself,  and 
the  rock  is  said  to  have  an  amygdoloidal 
structure. 

Most  types  of  metamorphic  rocks  show  a 
peculiarity  of  structure  which  is  described  as 
foliation.  Such  rocks  could  as  well  be  described 
as  banded  or  layered,  except  that  these  terms 
imply  an  abrupt  change  in  the  appearance  of 
the  rock  from  one  layer  to  the  next.  Bands 
and  layers  are  frequently  used  in  descriptions 
of  sedimentary  rocks.     Three  types  of  folia- 
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Table  4. — Characteristics  of  feldspar  and 
quartz  as  components  of  igneous  rocks 


Figure  3. — Typical  banding   in  foliated  metarnorphic  rocks:  granite  gneiss  (upper  left); 
biotite  gneiss  (upper  right);  hornblende  schist  (lower  left);  mica  schist  (lower  right). 


tion — gneissoid,  schistose,  and  slaty — are  used 
in  descriptions  of  metarnorphic  rocks.  All  of 
the  foliated  rocks  will  split  or  cleave  more  or 
less  readily  in  one  plane,  and  the  type  of 
foliation  describes  the  degree  of  smoothness 
of  the  cleaved  surface.  Rocks  with  a  gneiss- 
oid foliation  have  a  rough,  uneven  surface 
while  those  with  a  slaty  foliation  have  a  very 
smooth  cleaved  surface.  Schists  or  rocks 
with  a  schistose  foliation  have  cleaved  surfaces 
which  are  much  smoother  than  the  gneisses 
but  not  as  smooth  as  the  slates. 

Under  the  effect  of  heat  or  pressure,  the  min- 
erals in  the  foliated  metarnorphic  rocks  have 
been  caused  to  arrange  themselves  in  more  or 
less  parallel  planes.  The  dark-colored  min- 
erals may  separate  from  the  light-colored 
minerals  and  form  bands  or  streaks  which  are 
characteristic  of  certain  foliated  rocks. 
Figure  3  shows  typical  specimens  of  gneiss  and 
schist.  A  close  examination  of  such  rocks  will 
show  that  there  is  seldom  an  abrupt  and  com- 
plete separation  between  the  dark-  and  light- 
colored  minerals.  Usually  there  is  a  zone  of 
transition  from  light  to  dark  bands,  or  the 
dark  bands  will  contain  an  appreciable  per- 
centage of  light-colored  minerals.  Banded 
sedimentary  rocks  which  may  be  confused 
with  the  metarnorphic  rocks  generally  have 
an  abrupt  change  in  color  or  texture  from  one 
layer  to  the  next,  as  shown  in  figure  4 


Identification  of  Quartz  and  Feldspar 

In  the  use  of  this  method,  it  is  necessary 
that  quartz  and  feldspar  be  identified  when 
these  minerals  occur  in  crystals  or  grains  large 
enough  to  be  seen  with  the  aid  of  the  hand 
lens.  Their  identification  as  constituents  of 
rock  may  present  some  difficulties,  since  even 
in  rocks  of  coarse  grain  these  minerals  may 
be  so  small  that  the  usual  determinations 
made  on  the  ordinary  mineral  specimen  fre- 
quently cannot  be  applied.  For  example,  in 
hand  specimens  of  minerals,  feldspar  may  be 
identified  in  part  by  the  fact  that  it  is  scratched 
by  quartz.  This  test  can  seldom  be  applied 
to  rock  specimens  due  to  the  small  size  of  the 
component  crystals  or  grains.  Recourse  must 
be  made  to  visual  examination  with  reference 
to  the  color,  shape,  luster,  and  fracture  of  the 
grains. 

In  igneous  rocks,  quartz  usually  has  a  gray 
or  smoky  color,  while  feldspar  is  white,  gray, 
or  various  shades  of  red.  Grains  of  quartz 
are  usually  transparent  or  translucent,  but 
those  of  feldspar  are  opaque.  Quartz  and 
feldspar  are  dissimilar  in  cleavage:  if  the 
grains  are  sufficiently  large,  those  of  feldspar 
will  be  found  to  break  with  flat  surfaces  form- 
ing an  angle  of  about  90  degrees.  By  rotating 
the  hand  sample  of  rock  so  that  light  strikes 
the  surface  at  different  angles,  the  cleavage 
faces  of  feldspar  crystals  may  be  observed. 


Characteristic 

Feldspar 

Quartz 

Color 

Transparency... 
Luster 

White,  pink 

Opaque 

Porcelaneous  to 

dull. 
Good     on     two 

faces   forming 

angles  of  about 

90°. 
Parallelopiped... 

Frequent 

Gray,  smoky. 

Translucent. 

Glassy. 

None. 

Shapeless. 
None. 

Cleavage... 

Form  of  crystal 
face. 

Multiple  twin- 
ning. 

A  photograph  showing  the  reflection  of  light 
from  a  cleavage  face  of  a  rather  large  crystal 
of  feldspar  in  a  specimen  of  granite  is  shown 
in  figure  5.  Quartz  has  no  cleavage,  and 
breaks  with  a  conchoidal  or  shell-like  fracture. 
Quartz  has  a  glassy  luster  while  feldspar  has  a 
luster  more  nearly  like  porcelain.  Feldspar  is 
affected  by  weathering,  and  the  luster  tends  to 
become  dull. 

In  the  crystallization  of  the  rock  minerals 
from  the  mass  of  molten  rock,  the  feldspars 
crystallize  before  quartz,  and  tend  to  occur  in 
crystal  form  while  quartz  develops  in  more  or 
less  shapeless  masses.  Feldspar  crystals  fre- 
quently are  compound  structures  of  inter- 
grown  crystals  which  developed  simultaneously 
The  longitudinal  axes  of  the  portions  of 
the  crystals  are  parallel,  but  the  transverse 
axes  of  one  crystal  segment  are  rotated  through 
180  degrees  from  those  of  the  adjacent  seg- 
ment. At  the  junction  between  crystal  seg- 
ments, a  plane  of  twinning  is  produced.  In 
rock-making  feldspars,  these  planes  of  twin- 
ning usually  are  very  closely  spaced,  and  the 
cleavage  surface  of  a  crystal  of  feldspar  may 
appear  to  have  been  ruled  with  fine,  parallel 
lines,  as  shown  in  figure  6.  This  twinning  is 
not  found  in  quartz. 

A  summarization  of  the  principal  character- 
istics of  feldspar  and  quartz  as  components  of 
igneous  rocks  is  shown  in  table  4. 

Identification  of  Other  Minerals 

In  some  cases,  the  common  forms  of  the 
ferromagnesian  minerals  augite,  hornblende, 
olivine,  and  biotite  may  also  be  identified  in 


Figure  4. — Abrupt  change  in  color  between 
layers  is  characteristic  of  banded  sedi- 
mentary rocks  (bati€led  sandstone). 
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rocks.  The  ferromagnesian  minerals  contain 
iron  or  magnesia  or  both  as  a  principal  com- 
ponent, and  are  identified  by  shape  and  color. 
In  some  rocks  the  minerals  are  sufficiently 
well  crystallized  for  identification,  but  fre- 
quently they  occur  as  grains  or  irregular  masses 
and  identification  in  the  hand  specimen  may 
not  be  possible  except  by  color. 

Olivine  is  seldom  found  in  well-developed 
crystals  in  rock.  It  occurs  usually  as  grains 
or  masses,  and  is  identified  by  its  color  which 
varies  from  an  olive  green  to  a  yellow  green. 

Augite  and  hornblende  are  the  more  com- 
mon varieties  of  two  large  families  of  minerals, 
the  pyroxenes  and  the  amphiboles.  Both 
augite  and  hornblende  have  a  dark  green  to 
black  color,  and  both  frequently  occur  as 
grains  or  masses  in  rock.  Identification  of 
these  minerals  in  the  hand  specimen  depends 
upon  whether  the  crystal  shape  can  be  deter- 
mined. Augite  tends  to  develop  in  short, 
thick  crystals  with  a  square  or  rectangular 
cross  section.  Hornblende  commonly  occurs 
as  long,  slender  blades  with  irregular  ends, 
and  the  cross  section  has  a  diamond  shape 
with  the  acute  angles  replaced  by  parallel 
planes  at  right  angles  to  the  longer  transverse 
axis  of  the  crystal.  Biotite  is  black  mica,  and 
is  recognized  by  its  black,  shining  color,  its 
softness,  and  its  occurrence  as  irregular  flakes 
or  scales  in  granites,  syenites,  and  metamor- 
phic  rocks. 

System  for  Rock  Identification 

The  system  for  the  identification  of  rock  is 
shown  in  tabular  form  on  page  48.  In  this 
method,  all  considerations  are  based  on  the 
appearance  or  character  of  newly  fractured 
surfaces  of  the  unweathered  rock.  In  deter- 
minations of  gravel,  many  pieces  may  be 
found  to  be  weathered,  and  some  modifica- 
tions of  the  characteristics  mentioned  may  be 
expected.  For  example,  pieces  of  feldspar  in 
gravel  may  have  a  dull  luster,  and  some  pieces 
may  be  so  soft  that  they  can  be  scratched 
with  the  knife. 

The  first  determination  in  the  system  is  the 
preliminary  classification  by  which  the  speci- 
men is  placed  in  one  of  five  general  groups. 


When  a  determination  of  the  lithological 
composition  of  a  gravel  is  made,  it  is  believed 
to  be  most  desirable  to  separate  the  entire 
sample  into  the  various  general  groups,  and 
to  examine  each  group  of  particles  as  an 
entity,  subdividing  each  by  the  methods 
described.  This  should  permit  the  identifi- 
cation to  be  performed  most  rapidly,  and 
should  group  individual  particles  which  show 
variations  from  a  given  class  of  rock  due  to 
slight  differences  in  color,  texture,  or  the 
effects  of  weathering. 

In  group  I,  glassy  rocks,  quartz  is  included 
as  a  rock.  Actually  this  is  not  correct  as 
quartz  is  a  mineral,  differing  from  rock  in 
that  it  has  a  chemical  composition  expressible 
by  a  formula  and  also  has  a  definite  crystalline 
structure.  However,  quartz  does  occur  in 
sufficiently  large  masses  so  that  it  is  quarried 
as  a  rock,  and  is  the  most  common  material 
in  a  large  percentage  of  gravels  used  for  con- 
struction purposes.  Due  to  these  reasons, 
quartz  is  included  in  the  table. 

Subgroup  II  B,  covering  hard,  fine-grained 
rocks,  contains  some  types  of  rock  which  lately 
have  become  of  considerable  interest  to  those 
concerned    with    the    durability    of    portland 


Figure  5. — Reflection  of  light  from  a  cleav- 
age face  of  a  feldspar  crystal  in  granite 
(about  2X). 


Figure  6. — Planes  of  twinning  in  feldspar 
produce  an  appearance  of  fine,  parallel 
lines  (about  3X). 

cement  concrete.  Included  in  the  general 
term  "felsite"  are  a  number  of  varieties  of 
rock  which  may  be  chemically  reactive  to  a 
detrimental  degree  with  the  alkali  in  cement. 
These  include  rhyolite,  trachyte,  and  andesite. 
The  identification  of  these  rocks  requires  that 
both  the  kind  and  amount  of  feldspar  present 
be  determined.  This  determination  cannot  be 
made  on  the  hand  specimen,  and  the  practice 
of  grouping  all  fine-grained,  light-  or  medium- 
colored,  igneous  rocks  containing  feldspar  as  a 
major  constituent  under  the  general  term  of 
felsite  has  been  adopted.  This  is  believed  to 
be  a  sound  procedure,  as  the  various  rocks  so 
grouped  appear  to  have  essentially  the  same 
properties  from  the  engineering  viewpoint. 

In  subgroup  III  B,  item  5,  separation 
between  sandstone  and  quartzite  is  made  by 
examination  of  the  plane  of  fracture  of  the 
rock.  If  the  fracture  is  around  the  grains  of 
quartz,  the  rock  is  sandstone.  If  the  fracture 
passes    through    the    grains,    or    through    an 


Figure  7. — Porphyritic  granite  (full  size). 

appreciable  percentage  of  the  grains,  the  rock 
is  quartzite. 

Subgroup  IIIC  covers  rocks  of  a  porphy- 
ritic texture  as  shown  in  figure  7.  Originally, 
a  porphyry  referred  to  a  rock  composed  of 
feldspar  crystals  embedded  in  a  compact, 
dark  red  or  purple  groundmass.  This  name 
now  refers  to  rocks  containing  large  crystals 
of  any  kind,  either  well-formed  or  corroded 
to  a  rounded  or  irregular  shape,  which  are 
embedded  in  a  more  finely  crystalline  or 
glassy  groundmass  of  any  color.  A  porphyry 
could  refer  to  a  rock  containing  crystals  as 
big  as  an  inch  long  which  are  embedded  in  a 
groundmass  of  crystals  one-fourth  inch  in 
size;  or  it  could  refer  to  a  rock  containing 
^crystals  one-tenth  of  an  inch  in  size  embedded 
in  a  groundmass  of  barely  visible  crystals. 
In  the  laboratories  of  the  Bureau  of  Public 
Roads,  the  name  porphyry  is  used  to  refer  to 
a  rock  containing  numerous  and  more  or  less 
uniformly  distributed  crystals  over  one- 
eighth  inch  in  size  embedded  in  a  groundmass 
so  fine-grained  that  the  individual  grains  are 
not  recognized  by  the  unaided  eye. 

Kemp  6  states  that  porphyries  are  commonly 
classified  from  the  larger  crystals  (pheno- 
crysts),  with  little  regard  for  the  composition 
of  the  groundmass  even  though  the  latter 
comprises  over  half  of  the  rock.  If  the  ground- 
mass  is  of  very  fine  grain,  no  other  practice 
than  that  mentioned  above  can  be  followed 
without  the  use  of  the  petrographic  micro- 
scope or  analysis  by  chemical  methods. 

In  group  IV,  foliated  rocks,  it  is  doubted 
that  the  many  varieties  of  schist  can  always 
be  determined  in  the  hand  specimen.  A  few 
of  the  more  common  varieties  are  mentioned. 
There  are  many  others,  depending  upon  the 
presence  of  some  mineral  which  may  be  in 
sufficient  quantity  or  have  certain  unique 
properties  to  warrant  its  use  as  a  modifier 
of  the  general  term,  schist.  Most  schists 
have  about  the  same  physical  properties 
and  the  identification  of  the  rock  by  this 
name  alone  may  usually  be  sufficient. 

In  group  IV,  item  2(b),  hornblende  schists 

contain  a  small  amount  of  quartz  whereas 

(Text  continued  on  page  32.) 

5  A  Handbook  of  Rocks,  by  J.  F.  Kemp;  6th  edition,  revised 
by  F.  F.  Grout;  D.  Van  Nostrand  Co.  Inc.,  New  York;  1942. 
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IDENTIFICATION   OF  COMMON  ROCKS 


PRELIMINARY  CLASSIFICATION 

Group  I. — Glassy,  wholly  or  partly. 

Group  II. — Not  glassy;  dull  or  stony;  homogeneous;  so  fine-grained  that  grains  cannot  he  recognized. 

Group  III. — Distinctly  granular. 

Group  IV. — Distinctly  foliated;  no  effervescence  with  acid. 

Group  V. — Clearly  fragmental  in  composition;  rounded  or  angular  pieces  or  grains  cemented  together. 


GROUP  I.— GLASSY  ROCKS 

1.  Glassy  luster;  hard;  conchoidal  fracture;  colorless  to  white 

or  smoky  gray;  generally  brittle.     Quartz. 

2.  Solid  glass;  may  have  spherical  inclusions;  brilliant  vit- 

reous luster;  generally  black.     Obsidian. 

3.  Cellular  or  frothy  glass.     Pumice. 

GROUP    II.— DULL    OR    STONY,    VERY    FINE-GRAINED 

ROCKS 

SUBGROUP  II  A.— Not  scratched  by  fingernail,  but  readily 
scratched  with  knife. 

1.  Particles  almost  imperceptible;  dull  luster;  homogeneous; 

clay  odor;  little  if  any  effervescence  with  acid;  laminated 
structure;  breaks  into  flakes.     Shale. 

2.  Little  if  any  clay  odor;  brisk  effervescence  with  acid.    Lime- 

stone. 

3.  Little  if  any  clay  odor;  brisk  effervescence  with  acid  only 

when  rock  is  powdered  or  acid  is  heated.     Dolomite. 

4.  Soapy  or  greasy  feel;  translucent  on  thin  edges;  green  to 

black;  no  effervescence.     Serpentinite. 
SUBGROUP  II  B. — Not  scratched  with  the  knife  or  scratched 
only    with    difficulty;    no   effervescence 
with  acid. 

1.  Light  to  gray  color;  clay  odor  possible;  may  have  a  banded 

flow  structure.     Felsite. 

2.  Very  hard;  pale  colors  to  black;  no  clay  odor;  conchoidal 

fracture;   waxy   or  horny  appearance.     Chert. 
If  dark  gray  to  black,  Flint. 

3.  Heavy;  dark  color;  may  have  cellular  structure;  may  con- 

tain   small    cavities    filled    with    crystalline    minerals. 
Basalt. 

GROUP  III.— GRANULAR  ROCKS 

SUBGROUP  III  A.— Easily  scratched  with  the  knife. 

1.  Brisk  effervescence  with  acid.     Limestone  or  Marble. 

2.  Brisk  effervescence  only  with  warm  acid,  or  with  powdered 

rock.     Dolomitic  marble. 
SUBGROUP     III  B.— Hard;     not     scratched    with    knife    or 
scratched  with  difficulty;  grains  of  ap- 
proximately equal  size. 

1.  Mainly  quartz  and  feldspar;  usually  light  colored,  some- 

times pinkish.      Granite. 

2.  Mainly  feldspar;  little  quartz  (less  than  5  percent);  light 

colors  of  nearly  white  to  light  gray  or  pink.     Syenite. 

3.  Feldspar  and  a  dark  ferromagnesian  mineral. 

(a)  Major  constituent  feldspar;  rock  of  medium  color. 

Diorite. 

(b)  Ferromagnesian  mineral  equal  to  or  in  excess  of  feld- 

spar; rock  of  dark  color. 

(1)  Grains  just  large  enough  to  be  recognized  by  the 

unaided  eye.     Diabase. 

(2)  Coarse-grained  rock.     Gabbro. 

4.  Mainly  ferromagnesian  minerals;  generally  dark  green  to 

black. 

(a)  Predominant   olivine  with  pyroxene  or    hornblende. 

Peridotite. 

(b)  Predominant  augite.     Pyroxenite. 

(c)  Predominant  hornblende.     Hornblendite. 


GROUP   III.— Continued 

5.  Mainly  quartz. 

(a)  Fracture  around  grains.     Sandstone. 

(b)  Fracture  through  all  or  through  an  appreciable  per- 

centage of  grains.     Quartzite. 
SUBGROUP    III  C— Hard;     not     scratched    with    knife    or 
scratched  with  difficulty;   large  distinct  crystals  in  finer 
groundmass. 

1.  Crystals  of  feldspar  and  quartz  with  some  of  a  ferromag- 

nesian mineral  (generally  biotite)  in  a  light-colored 
groundmass  (of  feldspar  and  quartz).  Granite  por- 
phyry. 

2.  Crystals  of  feldspar  and  usually  a  ferromagnesian  mineral 

in  a  light-colored  groundmass  (of  feldspar).  Syenite 
porphyry. 

3.  Crystals  of  ferromagnesian  minerals,  or  of  striated  feldspar, 

or  both,  in  a  medium-colored  groundmass  (of  feldspar 
and  ferromagnesian  minerals).     Diorite  porphyry. 

4.  Crystals  of  quartz,  or  feldspar,  or  both,  generally  with  a 

ferromagnesian  mineral,  in  a  predominant,  fine-grained 
groundmass  of  light  color.     Felsite  porphyry. 

5.  Crystals  of  feldspar,  or  of  a  ferromagnesian  mineral,  or 

both,  in  a  fine-grained,  dark  or  black,  heavy  groundmass. 
Basalt  porphyry. 

GROUP  IV.— FOLIATED  ROCKS 

1.  Medium  to  coarse  grain;  roughly  foliated.     Gneiss. 

2.  More  finely  grained  and  foliated.     Schist. 

(a)  Consists  mainly  or  largely  of  mica  with  some  quartz. 

Mica  schist. 

(b)  Medium  green  to  black;  consists  mostly  of  a  felted  or 

matted  mass  of  small,  bladed  or  needle-like  crystals 
arranged  in  one  general  direction.  Hornblende 
schist  or  amphibolite. 

(c)  Glassy   or  silky   luster  on   foliation   surfaces;   splits 

readily  into  thin  pieces.     Sericite  schist. 

(d)  Soft,  greasy  feel;  marks  cloth;  easily  scratched  with 

fingernail;  whitish  to  light  gray,  or  green.  Talc 
schist. 

(e)  Smodth  feel;  soft;  glimmering  luster;  green  to  dark 

green.      Chlorite  schist. 

3.  Very  fine  grain;  splits  easily  into  thin  slabs;  usually  dark 

gray,  green,  or  black.     Slate. 

GROUP  V.— FRAGMENTAL 

1.  Rounded  pebbles  embedded  in  some  type  of  a  cementing 

medium.     Conglomerate. 

2.  Angular  fragments  embedded  in  a  cementing  medium. 

Breccia. 

3.  Fragments  of  volcanic  (fine-grained  or  glassy)  rocks  em- 

bedded in  compacted  volcanic  ash.  Volcanic  tuff  or 
Volcanic  breccia. 

4.  Quartz  grains,   rounded  or  angular,  cemented  together. 

Sandstone. 

5.  Quartz  and  feldspar  grains  cemented  together  to  resemble 

the  appearance  of  granite.  Arkose  (feldspathic  sand- 
stone). 
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Geophysical  Methods  of  Subsurface 

Exploration  in  Highway  Construction 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BVREAU  OF  PUBLIC  ROADS 


SINCE  1933'  the  Bureau  of  Public  Roads 
has  had  in  progress  a  study  of  geophysical 
methods  of  subsurface  exploration  as  applied 
to  highway  engineering  problems,  including  the 
development  of  instruments  and  of  methods  of 
interpretation  of  the  data  obtained.  Early 
progress  was  reported  in  papers  published  in 
1935  (15)  2  and  in  1936  {17).  Both  earth- 
resistivity  and  refraction  seismic  apparatus 
were  adapted  or  developed  for  use  in  the  shal- 
low subsurface  explorations  usually  associated 
with  highway  construction.  Special  attention 
was  given  to  the  necessity  for  portable  units 
capable  of  being  transported  by  hand  into 
areas  where  reconnaissance  surveys  might  be 
required.  The  cover  illustrations  show  the 
earth-resistivity  apparatus  and  the  seismic 
equipment  now  in  use. 

A  large  amount  of  data  has  been  obtained 
by  the  Bureau  of  Public  Roads  with  this  equip- 
ment applied  to  such  problems  as  slope  design, 
classification  of  excavation  materials  on  grading 
projects,  foundation  studies  for  bridges,  build- 
ings, and  other  structures,  investigation  of 
tunnel  sites,  location  of  sand,  gravel,  solid 
rock,  and  special  soils  for  use  in  construction, 
determination  of  depth  of  peat  and  muck  in 
swampy  areas,  and  studies  of  existing  and 
potential  slide  areas.  These  field  studies  have 
been  carried  out  in  21  States.3 

Summary 

Despite  limitations  that  are  enumerated  in 
this  article,  and  others  which  may  arise  in 
future  exploration  work,  the  geophysical  meth- 
ods of  test  have  definitely  established  their 
value  in  connection  with  highway  work,  par- 
ticularly for  use  in  preliminary  surveys. 
Their  use  by  the  Bureau  of  Public  Roads  and 
other  Federal  and  State  agencies  has  empha- 
sized the  value  of  these  relatively  inexpensive 
methods  of  shallow  subsurface  exploration  in 
obtaining  information  to  be  used  for  design 
purposes  or  as  control  for  more  detailed  sub- 
surface surveys  by  core  drilling  and  other 
commonly  used  direct  methods.     The  funda- 

1  Presented  at  the  twenty-ninth  annual  meeting  of  the 
Highway  Research  Board  in  Washington,  D.  C,  December 
1949. 

2  Italic  numbers  in  parentheses  refer  to  the  chronologically 
arranged  bibliography,  p.  64. 

s  Arkansas,  California,  Colorado,  Connecticut,  Florida, 
Georgia,  Idaho,  Iowa,  Maryland,  Michigan,  Missouri,  Mon- 
tana, New  Hampshire.  New  Jersey,  New  York,  North 
Carolina,  Oregon,  Pennsylvania,  Tennessee,  Virginia,  Wash- 
ington, and  the  District  of  Columbia. 
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Reported  '  by  R.  WOODWARD   MOORE,   Highway  Engineer 

Geophysical  methods  of  subsurface  exploration  have  been  employed  in  various 
fields  of  engineering  for  more  than  20  years.  Since  1933  the  Bureau  of  Public 
Roads  has  been  studying  the  application  of  these  methods  to  highway  work, 
and  has  found  that  earth  -resi  sti  vi  ty  and  refraction  seismic  tests  are  well  adapted 
to  road  construction  problems.  The  Bureau  has  designed  and  built  portable 
equipment  for  both  types  of  test,  which  tvere  described  in  PUBLIC  ROADS 
in  1935. 

Subsequent  work,  carried  on  during  the  past  15  years  in  21  States,  has  estab- 
lished both  methods  as  useful,  rapid,  and  economical  means  of  obtaining  pre- 
liminary information  on  the  depth  and  nature  of  subsurface  formations.  In 
this  article  are  presented  a  review  of  the  theory  and  method  of  operation  of  the 
two  types  of  equipment,  and  the  results  of  a  number  of  actual  field  surveys  made 
with  them. 

It  will  be  evident  from  these  data  that,  while  both  geophysical  exploration 
methods  are  useful,  the  earth-resistii^ity  test  is  more  universally  applicable  to 
a  variety  of  highway  construction  problems  than  the  refraction  seismic  test. 
Detailed  subsurface  surveys  can  best  be  made  by  initial  use  of  the  resistivity 
equipment,  followed  by  check  tests  with  the  seismic  apparatus  where  needed. 
Since  the  fundamental  principles  of  the  two  methods  differ  widely,  concordant 
data  from  both  may  be  accepted  with  considerable  assurance. 


mental  principles  of  the  two  methods  differ  so 
widely  that  where  both  methods  give  concor- 
dant data  they  may  be  accepted  with  con- 
siderable assurance.  When  they  are  used 
jointly  at  a  given  location,  a  limited  amount  of 
confirming  data  from  seismic  tests  can  serve 
as  a  valuable  check  on  a  considerable  number 
of  the  more  inexpensive  resistivity  tests,  at 
times  obviating  the  need  for  test  pits  or  auger 
holes  for  locating  and  identifying  subsurface 
formations.  This  does  not  imply  that  test 
pits  or  auger  holes  may  not  be  necessary  for 
obtaining  samples  of  soil  and  other  materials 
for  determination  of  their  physical  and  other 
properties. 

Even  though  there  might  exist  some  un- 
certainty that  the  geophysical  methods  of 
test  would  prove  applicable  to  a  particular 
s  I  .surface  condition,  the  simplicity,  low  cost, 
and  rapidity  with  which  the  tests  can  be  made 
recommend  their  trial  before  resorting  to  the 
more  costly  and  tedious  methods  of  direct 
exploration  ofttimes  employed. 

Present  Use 

World  War  II  caused  curtailment  of  the 
use  of  the  geophysical  methods  of  exploration, 
with  the  general  decrease  in  civilian  construc- 
tion, but  an  increased  interest  is  being  mani- 
fested at  the  present  time.  The  New  York 
State  Department  of  Public  Works  has  pur- 
chased equipment  of  both  types  and  has  as- 
signed personnel  to  a  continuing  program  of 


geophysical  tests,  since  early  in  1948,  as  a 
part  of  a  regularly  instituted  program  of  sub- 
surface exploration.  The  Pennsylvania  Turn- 
pike Commission  has  kept  two  earth-resistiv- 
ity parties  in  the  field  since  July  1948  in  a 
systematic  resistivity  survey  of  well  over  100 
miles  of  right-of-way  for  extensions  to  the 
present  Turnpike.  The  Michigan  State  High- 
way Department  has  purchased  resistivity 
apparatus  for  use  in  locating  construction 
materials  and  on  other  construction  and 
maintenance  problems.  The  Massachusetts 
State  Department  of  Public  Works  has  had 
in  progress  since  1944  a  program  involving 
the  use  of  refraction  seismic  tests  in  studies 
of  highway  grading  projects  and  structure 
sites  {29).  Wisconsin,  Minnesota,  Missouri, 
California,  Texas,  and  Illinois  have  each  had 
some  experience  in  the  application  of  earth- 
resistivity  tests  to  highway  construction 
problems  (5,  9,  10,  14).  The  State  highway 
departments  of  Georgia  and  Arkansas  have 
expressed  an  active  interest  in  an  early  appli- 
cation of  earth-resistivity  tests  to  their  con- 
struction problems. 

As  a  result  of  demonstration  work  done  in 
New  York,  Connecticut,  and  New  Hampshire, 
the  Corps  of  Engineers  of  the  Department  of 
the  Army  adopted  the  seismic  test  as  a  more 
or  less  standard  procedure  in  preliminary 
subsurface  explorations  in  connection  with 
investigations  of  possible  dam  sites  for  flood 
control.     Hundreds  of  dam  sites  have  been 
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Investigated  by  this  method  since  the  latter 
part  of  1938  (19,  21,  23). 

With  this  brief  summary  of  the  present 
status  of  geophysics  as  an  integral  part  of  our 
highway  construction  program,  it  may  be  of 
interest  to  review  briefly  the  theoretical 
aspects  of  the  two  methods  of  test  and  to 
consider  in  more  detail  their  application  in 
the  field. 

Theory  of  Refraction  Seismic  Method 

The  seismic  method  of  subsurface  explora- 
tion 4  consists  of  creating  sound  or  vibration 
waves  within  the  earth,  usually  by  exploding 
small  charges  of  dynamite  buried  3  or  4  feet 
beneath  the  surface,  and  measuring  the  time 
of  travel  of  these  waves  from  their  point  of 
origin  to  each  of  several  detectors  placed  at 
known  distances  from  the  source.  The  varia- 
tions in  mechanical  energy  transmitted  to  the 
detectors  are  converted  into  variations  in 
electrical  energy  which,  in  turn,  are  used  to 
deflect  light  rays  reflected  from  small  mirrors 
that  are  parts  of  sensitive  galvanometers,  and 
these  deflections  are  recorded  photographi- 
cally on  rapidly  moving  film.  Electrical 
circuits  are  so  arranged  as  to  obtain  one  im- 
pulse at  the  instant  of  firing  the  explosion 
shot  and  another  as  the  first  wave  reaches  each 
detector.  Figure  1  shows  three  typical  seismic 
records,  the  small  break  in  the  right-hand 
trace  on  each  film  indicating  the  start  of  the 
wave  and  the  three  separate  breaks  in  the 
three  traces  on  each  of  the  films  indicating 
the  arrival  of  the  wave  front  at  each  detector. 
Each  space  between  the  transverse  lines  on 
the   film   corresponds   to   a  time   interval   of 

i  For  a  more  detailed  description  of  the  apparatus  see 
reference  (15).  For  additional  discussion  of  the  interpreta- 
tion of  refraction  seismic  data,  together  with  their  applica- 
tion to  various  field  problems,  see  references  (19,  SI,  S.I). 


Figure  1. — Typical  seismic  film  records. 


0.005  second.  It  is  usually  possible  to  esti- 
mate to  one-tenth  part  of  this  time  interval. 

The  time  lines  are  registered  on  the  film 
by  means  of  a  suitably  placed  light  source 
and  a  tuning  fork  operating  at  100  cycles  per 
second.  Each  tine  of  the  tuning  fork  is 
equipped  with  thin  phosphor-bronze  plates 
having  narrow  slots  which  permit  200  flashes 
of  light  to  reach  the  film  during  each  second 
of  time. 

The  time  data  obtained  from  film  records 
and  the  measured  distances  along  the  ground 
surface  between  the  shot  point  and  the  detec- 
tors are  plotted  in  the  form  of  time-distance 


graphs.  From  these  the  depth  and  probable 
character  of  the  various  subsurface  forma- 
tions are  determined.  Wave  velocities  range 
from  approximately  600  feet  per  second  in 
light  loose  soils  to  about  18,000  to  20,000  feet 
per  second  in  dense,  solid  rock.  This  wide 
range  in  wave  velocities  makes  possible  a 
determination  of  the  general  character  of  the 
materials  encountered,  and  by  use  of  simple 
formulas  the  average  depth  to  the  various 
substrata  can  be  calculated.  A  knowledge 
of  the  local  geology  helps  materially  in  a  more 
accurate  identification  of  the  formations 
encountered. 
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Figure  2. — Fundamental  principles  of  the  seismograph  method. 
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Figure  3. — Time-distance  curve  from  which  soil  profile  determinations  are  made. 


Explanation  of  theory 

The  theory  of  refraction  shooting  and  the 
derivation  of  approximate  working  formulas 
for  depth  determinations  are  shown  in  figure  2. 
The  equations  are  developed  on  the  assump- 
tion that  the  path  of  the  seismic  wave  is 
vertically  downward  from  the  shot  point  to 
the  rock  or  other  dense  stratum,  thence  along 
the  rock  to  a  point  directly  beneath  the  de- 
tector, and  thence  vertically  upward  to  the 
detector.  Although  this  assumption  gives 
satisfactory  values  for  the  shallow  depths 
involved  in  most  highway  problems,  it  is 
preferable  to  use  a  more  exact  formula  for 
tests  to  greater  depths  such  as  are  encountered 
in  exploring  locations  for  dams  and  certain 
other  structures.  The  derivation  and  applica- 
tion of  these  formulas  may  be  found  in  pub- 
lished papers  (18,  19). 

Although  four  detectors  are  shown  in  figure 
2  to  illustrate  wave  travel  for  the  short 
distances  involving  the  low-velocity  soil  and 
for  the  longer  distances  in  the  rock  stratum, 
only  three  detectors  are  required  for  the  three- 
channel  seismograph  used  by  the  Bureau  of 
Public  Roads.  The  usual  procedure,  when 
using  this  type  of  equipment,  is  to  place  the 
three  detectors  on  the  ground  in  a  line  and  at 
intervals  of  25  to  50  feet  apart.  Shots  are 
then  fired  successively  at  increasing  distances 
along  the  extension  of  the  line  of  detectors, 
beginning  with  a  point  10  or  15  feet  from  the 
center  detector  and  extending  the  shooting 
distance  by  increasing  increments — for  ex- 
ample, 50,  85,  125,  165,  225,  and  300  feet  from 
the  center  detector.  There  is  an  approximate 
relation  between  shot  distance  and  the  effec- 
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tive  depth  of  the  test  such  that  this  depth  is 
about  equal  to  one-third  the  shot  distance. 
The  relation  depends  somewhat  on  the  rela- 
tive wave  velocities  in  the  materials  involved. 
If  the  depth  to  rock  were  more  than  about  80 
feet,  additional  shot  distances  greater  than 
the  300  feet  mentioned  above  would  be  re- 
quired to  show  a  rock  formation  adequately. 
A  duplicate  line  of  shots  is  usually  placed  in 
the  opposite  direction  from  the  center  de- 
tector, expanding  the  data  to  allow  depth 
determinations  to  be  made  when  the  inter- 
face between  the  overburden  and  the  rock  is 
not  parallel  to  the  surface  but  on  a  slope. 

12.0 


Time-distance  curve 

A  theoretical  time-distance  curve  is  illus- 
trated in  figure  3.  As  shown,  a  straight  line 
through  the  origin  will  result  so  long  as  a 
uniform  homogeneous  material  comprises  the 
surface  layer.  The  velocity  of  wave  propa- 
gation is  constant  in  such  a  medium  and  time 
of  wave  travel  is  proportional  to  travel  dis- 
tance. The  reciprocal  of  the  slope  of  the  line 
OC,  passing  through  the  origin,  represents  the 
velocity  in  the  medium,  Vlt  since  velocity  is 
equal  to  distance  divided  by  time. 

If,  at  some  greater  depth,  a  second  layer  of 
homogeneous  material  of  greater  density  is 
present,  such  as  that  designated  as  shale,  there 
will  be  a  point  F  at  which  there  is  a  simul- 
taneous arrival  of  a  relatively  slow  wave 
through  the  less  dense  surface  soil  and  one 
traveling  over  the  longer  but  faster  route 
along  the  top  of  the  shale  stratum.  Beyond 
this  critical  distance  OF  a  new  slope  CD 
exists,  the  reciprocal  of  which  represents  the 
faster  wave  travel  in  the  shale,  V2;  and  for  a 
path  STVR  the  time  PQ  or  OA  is  that  re- 
quired for  the  wave  to  travel  through  the 
surface  soil  from  S  to  T  and  again  from  V  to 
R.  QN  represents  the  time  of  travel  from 
T  to  V  in  the  shale.  If  Hi  is  the  thickness  of 
the  surface  soil,  we  have  the  relation 


Hi 


VtXOA 


Similarly,  for  a  third  layer  having  an  even 
greater  density,  such  as  that  designated  as 
rock,  there  will  be  a  second  critical  distance 
OG,  and  a  second  break  in  the  curve  to  a  new 
slope  DW,  the  reciprocal  of  which  will  give 
the  velocity  V3  in  the  rock.  The  time  inter- 
cept MK  or  AB  in  this  instance  represents  the 
time  required  for  the  wave  to  travel  down 
through  the  shale  and  back  again.  If  Hi  is 
the  thickness  of  the  shale  then 


ff2= 


V2XAB 


In  plotting  the  time-distance  data  the  time 
units  of  J^oo  second,  as  taken  directly  from  the 
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Figure  5. — Fundamental  principles  of  the  earth-resistivity  method. 


film  records,  are  usually  used;  and  the  denom- 
inator in  the  foregoing  equations  becomes  400 
instead  of  2. 

When  the  geologic  conditions  existing  at  a 
particular  test  location  actually  approach 
those  assumed  in  a  theoretical  analysis  of  the 
data  obtained  from  refraction  seismic  tests, 
there  is  a  remarkable  similarity  between  the 
field  curves  obtained  and  the  theoretical  curve 
as  it  appears  in  figure  3.  This  is  illustrated 
by  the  time-distance  curve  shown  in  figure  4 
which  was  prepared  from  the  field  data  shown 
in  figure  1,  supplemented  by  two  additional 
shots  placed  at  greater  distances  from  the 
detectors.  The  data  for  this  graph  were 
obtained  in  New  England  where  a  relatively 
thin  layer  of  loose  soil  was  underlain  by  glacial 
till  resting  upon  solid  rock. 


Theory  of  Earth -Resistivity  Method 

Experience  has  demonstrated  that  many  of 
the  materials  making  up  the  earth's  crust  can 
be  identified,  in  some  degree  at  least,  by  their 
reaction  to  the  flow  of  a  direct  current  of 
electricity.  This  is  an  action  of  electrolytic 
nature  in  which  the  moisture  in  the  soils  and 
rocks,  together  with  the  dissolved  impurities, 
gives  to  the  several  materials  characteristic 
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resistances  to  a  current  flow.5  These  charac- 
teristic resistances  or  resistivities  may  be  used 
for  locating  and,  to  some  degree,  identifying 
subsurface  formations.  Figure  5  illustrates 
diagramatically  the  earth-resistivity  test  and 
the  Wenner  electrode  configuration  (1)  used 
by  most  investigators.  In  this  test  a  predic- 
tion of  the  character  of  the  subsurface  mate- 
rials is  attempted  by  measurements  indicating 
the  magnitude  of  the  resistance  to  direct  cur- 
rent flow.  Ordinary  moist  soils  containing 
moderate  amounts  of  clay  or  silt,  with  some 
electrolytic  agent  more  or  less  active,  have  a 
comparatively  low  resistance.  In  contrast, 
sand,  gravel,  extremely  dry,  loose  soils,  and 
solid  rock  usually  have  relatively  high  resis- 
tivity values.  These  classifications  are  too 
general  to  be  useful,  however,  and  it  is  very 
necessary  to  calibrate  the  instrument  with 
tests  made  over  local  materials  which  can  be 
identified  by  exposed  faces,  test  pits,  core-drill 
records,  or  other  means.  Curves  obtained 
later  for  unknown  conditions  may  then  be 
compared  with  those  for  known  conditions, 
and  a  prediction  can  be  made  as  to  the 
materials  lying  below  the  surface. 


6  For  a  detailed  description  of  the  apparatus  and  a  more 
comprehensive  discussion  of  the  earth-resistivity  method  of 
test  see  references  (/,  S,  7,  IS,  26,  26). 


Explanation  of  operation 

Referring  to  figure  5,  an  electric  current  is 
passed  through  the  ground  from  a  direct  cur- 
rent supply,  usually  one  or  more  radio  C-bat- 
teries,  using  the  two  outside  electrodes  C\  and 
C2.  Measurement  is  then  made  of  the  drop 
in  potential  between  two  intermediate  points 
Pi  and  P2,  symmetrically  spaced  at  the  third 
points  between  the  current  electrodes.  The 
current  flow  is  determined  with  the  milliam- 
meter  and  the  voltage  or  potential  drop  with 
the  potentiometer,  from  which  the  resistivity 
of  the  material  is  computed  by  use  of  the 
formula 

in  which 

A  is  the  electrode  spacing,  in  centimeters. 

E  is  the  drop  in  potential,  in  volts. 

/  is  the  current,  in  amperes,  flowing  in 
the  circuit. 
There  is  an  empirical  relation  such  that  the 
"effective"  current  flows  within  a  depth  below 
the  surface  equal  to  A.  That  is  to  say,  if  A 
equals  10  feet,  the  resistivity  obtained  with 
the  formula  represents  an  average  of  all  mate- 
rial existing  within  10  feet  of  the  surface. 
Thus,  as  the  electrode  spacings  of  the  system 
are  expanded,  the  current  flow  lines  encounter 
the  deeper  portions  of  the  underlying  forma- 

August  1950  •  PUBLIC  ROADS 


tions,  such  as  the  rock  formation  in  figure  5. 
This  material,  having  an  appreciably  higher 
resistivity  than  the  overlying  soil,  affects  the 
average  resistivity  values,  the  effect  of  the 
lower  bed  increasing  progressively  as  the  test 
is  carried  to  greater  depths. 

When  using  the  empirical  method  of  inter- 
pretation proposed  by  Gish  and  Rooney  (2) 
the  apparent  resistivity  p„,  obtained  by  insert- 
ing the  measured  values  of  A,  E,  and  /  from 
the  field  tests  in  the  formula  for  resistivity  as 
given  above,  is  plotted  as  the  ordinate  against 
the  electrode  spacing  A  as  the  abscissa.  The 
inflections  in  the  resulting  curve  are  inter- 
preted as  indicating  changes  in  the  materials 
underlying  the  surface.  Where  clay  overlays 
rock  a  curve  similar  to  that  shown  in  the  lower 
right-hand  portion  of  figure  5  is  usually  ob- 
tained. The  depth  of  the  surface  soil  is  taken 
as  the  value  of  A  (electrode  spacing)  at  which 
the  upward  inflection  of  the  resistivity  curve 
occurs.  This  empirical  solution  has  been  used 
in  analyzing  data  from  many  tests  in  the  past. 
Cases  were  found,  however,  where  the  plotted 
curve  was  smoothly  rounded,  with  no  inflec- 
tion point,  affording  no  criterion  for  predicting 
the  depth  of  the  surface  material.  Another 
empirical  method  of  analysis  has  been  pro- 
posed (25)  for  interpreting  such  curves,  a 
brief  summary  of  which  follows. 

Empirical  analysis 

In  figure  6  the  smoothly  rounded  Gish- 
Rooney  or  individual-test-value  curve  is 
shown  as  a  broken-line  curve  determined  by 
the  plotted  crosses.  The  same  field  data  are 
shown  below  this  curve  in  the  form  of  a  cum- 
ulative resistivity  curve  determined  by  the 
plotted  circles.  When  the  values  of  apparent 
resistivity  are  plotted  as  a  cumulative  curve, 
a  straight  line  or  a  curved  line  of  gentle  curva- 
ture is  usually  obtained  so  long  as  the  "effec- 
tive" current  flow  remains  within  the  surface 
layer.  When  the  electrode  spacing  is  ex- 
panded to  include  increasing  amounts  of  the 
deeper-lying  rock  formation  the  cumulative 
curve  shows  an  increased  curvature  upward, 
reflecting  the  influence  of  the  higher  resistivity 
of  the  rock  formation.  It  has  been  found  that 
straight  lines  drawn  through  as  many  points 
as  practicable  on  the  cumulative  curve,  and 
intersecting  in  the  region  of  increased  curva- 
ture, will  give  a  good  approximation  of  the 
thickness  of  the  surface  material  if  the  point 
of  intersection  of  the  straight  lines  is  projected 
to  the  horizontal  or  dimensional  axis.  This  is 
a  purely  empirical  relation  with  no  theoretical 
basis  whatsoever.  It  has  given  rather  close 
approximations  of  the  depth  of  the  surface 
layer  in  simple  two-layer  formations,  however. 

Referring  to  figure  6,  it  will  be  seen  that  the 
relatively  shallow  depth  of  14  feet  to  rock,  as 
determined  by  the  test  pit,  affects  strongly  the 
measured  values  of  apparent  resistivity  be- 
yond an  electrode  spacing  of  about  10  feet. 
For  this  reason  the  plotted  values  of  cumula- 
tive resistivity  continue  to  show  a  rather 
marked  degree  of  curvature  well  beyond  what 
might  be  termed  the  critical  point  in  the  curve. 
The  trend  of  the  Gish-Rooney  curve  is  used 
to  determine  the  approximate  critical  point, 
which  in  this  curve  appears  to  be  at  an  elec- 
trode spacing  of  10-12  feet.  Guided  by  the 
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Figure  6. — Typical  resistivity  data,  and  analysis  by  use  of  the  cumulative  resistivity  curve. 


indications  of  the  Gish-Rooney  curve  and  such 
other  correlating  data  as  may  be  available 
from  test  pits  or  borings  in  the  general  area, 
the  additional  tangent  intersections  beyond 
the  critical  point  may  or  may  not  be  dis- 
regarded. 

Other  methods  of  analysis  of  earth-resistiv- 
ity data  based  upon  theoretical  studies  have 
been  presented  by  Tagg  (7),  Hummel  (4), 
Roman  (6,  22),  Wetzel  and  McMurry  (20), 
and  others.  Sets  of  theoretical  curves  for 
various  assumed  resistivities  and  thicknesses 


of  the  materials  involved  have  been  prepared 
for  use  by  the  operator  as  control  in  inter- 
preting the  field  curves  obtained.  In  some 
instances  the  field  data  are  plotted  to  the  same 
scale  as  that  used  in  the  theoretical  curves, 
and  on  identical  sheets,  and  are  superimposed 
upon  the  theoretical  curves.  Where  a  fit  is 
obtained  by  superimposition,  the  depths  of 
the  layers  involved,  as  well  as  the  resistivities 
of  each  layer,  are  obtained.  Attempts  to  use 
these  methods  in  analyzing  the  data  obtained 
in  the  relatively  shallow  work  done  by  the 
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Bureau  of  Public  Roads  have  been  discourag- 
ing, due  to  the  time  required  for  such  studies 
and  the  frequency  with  which  the  field  con- 
ditions failed  to  conform  to  those  assumed  in 
developing  the  theoretical  curves.  The  em- 
pirical solutions  heretofore  described  have 
been  found  to  be  more  practical  from  the 
standpoint  of  time  and  cost  in  connection  with 
a  given  exploration.  This  might  be,  in  some 
cases,  a  deciding  consideration  between  the 
geophysical  tests  and  the  direct  methods  of 
exploration  ordinarily  used. 

Traverse  surveys 

When  making  surveys  of  areas,  a  somewhat 
different  test  procedure,  one  which  might  be 
termed  the  resistivity  traverse  or  constant- 
depth  traverse,  is  often  used.  In  this,  a  suc- 
cession of  tests  using  a  fixed  electrode  spacing 
is  made  along  the  selected  traverse  line,  the 
interval  between  test  sites  being  equal  to  the 
electrode  spacing.  The  measured  resistivity 
values  are  then  plotted  as  ordinates  against 
traverse  distances  as  abscissas,  and  the  re- 
sulting graph  shows  the  variation  in  resis- 
tivity along  the  traverse  line  for  a  depth  equal 
to  the  electrode  spacing  chosen.  A  typical 
example  is  shown  in  figure  7,  the  rise  in  resis- 
tivity between  the  100-  and  500-foot  points  on 
the  traverse  distance  scale  indicating  the 
presence  of  higher  resistance  material  within 
the  depth  explored.  Traverse  lines  of  this 
type,  carried  out  systematically  over  an  area, 


permit,  the  preparation  of  a  resistivity  contour 
map  such  as  that  shown  in  figure  8.  Such  a 
map  may  be  of  considerable  aid  in  rapidly 
locating  and  delineating  critical  areas  that 
require  more  detailed  study,  or  in  locating 
valuable  isolated  deposits  of  granular  ma- 
terials or  rock  in  areas  where  such  materials 
are  scarce. 

Rapid  Subsurface  Exploration 
Method  Needed 

Development  during  recent  years  of  earth- 
moving  equipment  of  ever-increasing  capacity 
has  made  possible  the  quick  and  economical 
removal  of  huge  quantities  of  excavation 
materials.  Operating  costs  of  such  equipment 
are  high,  however,  and  a  reasonably  certain 
knowledge  that  the  equipment  selected  will  be 
able  to  handle  all  or  a  major  portion  of  the 
materials  on  a  given  grading  job,  without 
costly  delays  from  unforeseen  adverse  condi- 
tions, can  be  extremely  helpful  to  contractors 
in  establishing  reasonable  unit  bid  prices.  A 
thorough  investigation  of  the  subsurface  for- 
mation prior  to  design  of  slopes  in  cut  sections 
will  help  to  avoid  the  confusion  that  results 
when  solid  rock  cuts,  anticipated  according  to 
the  plans,  actually  are  found  to  be  soil  or  other 
easily  removable  materials  (or  vice  versa). 
Such  errors  in  the  classification  of  materials 
may  lead  to  costly  extra  work  or  changes  in 
design. 


Stony  soil,  talus  materials,  and  thin  but  con- 
tinuous stringers  of  quartz  or  other  hard 
materials  extending  throughout  a  cut  may 
present  insurmountable  difficulties  when  at- 
tempting to  explore  subsurface  conditions  with 
hand-  or  power-operated  auger  equipment. 
Such  troublesome  conditions  may  result  in 
misleading  data  when  the  auger  is  used  but 
will  not  affect  the  data  obtained  with  geo- 
physical tests  to  any  appreciable  extent.  For 
tjhis  reason,  preliminary  surveys  by  geophys- 
ical methods  can  be  used  to  considerable 
advantage  in  determining  the  over-all  charac- 
ter of  the  materials  to  be  excavated.  Com- 
plete and  dependable  information  will  make 
unnecessary  hurried  changes  of  alinement  and 
grades  to  care  for  increased  or  decreased  quan- 
tities of  excavation  materials,  with  possible 
delays  of  construction  operations. 

Application  of  Tests  to  Highway 
Problems 

It  has  been  found  that  both  seismic  and 
resistivity  methods  of  test  are  practical  for 
use  in  the  study  of  many  highway  construction 
problems.  The  earth-resistivity  apparatus,  by 
reason  of  its  simplicity  of  operation  and  the 
rapidity  with  which  the  shallow  tests  can  be 
made,  is  believed  to  have  a  more  universal 
application  than  does  the  seismograph.  Ac- 
cordingly, when  making  a  detailed  geophysical 
survey  of  a  grading  project,  it  has  been  the 


y  RECORD   OF   CHECK    BORINGS 

NO    i  -2jSOIL,  I'COARSE  SAND,  lj  GRAVEL,  6'CL  AY. 

NO.  2  -4' SOIL  S.  SAND,  3'GRAVEL,  2'CLAY,   2'SAND. 

NO.  2  "''SANDY    SOIL,   7j  GRAVEL. 

NO    8.  -2' LOAM  J.  CLAY,  2j  GRAVEL  (CLAYEY), 5'SANDY  GRAVEL. 

NO-  I4-|'L0AM,  5  COARSE  SAND1  FINE  GRAVEL,  2 5  GRAVEL. 

NO.iS-ljSOIL,  3'jSANDY  GRAVEL,  2jSAND,  2-jCLAY. 

NO. 16  -I^'SOIL,  6'GRAVEL,  IjSAND  &  GRAVEL,  IjCLAYEY  GRAVEL. 

N0.23-2'SOIL,  5^-SMALL  GRAVEL,  1^'  CLAYEY   GRAVEL. 

N0.26-l'S0IL,  4'GRAVEL,(H0LE  STOPPED  ACCOUNT  CAVING). 
NO.  27  -  3'CLAY  SOIL,  ifSAND,  4^  CLAY  GRAVEL,  l'SAND  &  SMALL  GRAVEL. 
N0.28-  2'S0IL,4'GRAVEL,(H0LE   STOPPED    IN   HARD   CLAY  &  GRAVEL   STRATUM). 
NO. 32-  I5SOIL,  Sj  GRAVEL,  jCLAY.  5  GRAVEL,  (HOLE  DISCONTINUED). 
NO.  50-  2'S0IL,3'5ANDY    GRAVEL,   3' SAND,  5'SMALL  GRAVEL. 


Figure  8. — Resistivity  contour  map  over  a  deposit  of  sandy  gravel. 
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Figure  9. — Tightly  cemented  boulder  formation  predicted  by  seismic  tests  at  Pemigewasset 

River  crossing  near  Lincoln,  N.  H. 


practice  of  the  Bureau  of  Public  Roads  to  make 
a  resistivity  survey  first  and,  if  necessary,  to 
follow  with  a  limited  number  of  check  tests 
with  the  seismograph  in  areas  where  the  resis- 
tivity data  fail  to  identify  the  subsurface 
formations  adequately.  This  procedure  has 
proved  to  be  very  satisfactory  in  field  inves- 
tigations of  10  construction  projects  ranging 
from  1%  to  12  miles  in  length,  located  in  Ar- 
kansas, Georgia,  Missouri,  North  Carolina, 
Tennessee,  Virginia,  and  the  District  of  Co- 
lumbia. Reports  have  been  received  on  four 
of  these  projects  which  have  since  been  con- 
structed, and  the  conditions  found  during 
construction  were  substantially  as  predicted 
from  results  of  the  geophysical  tests. 

Results  of  Seismic  Tests 

In  seismic  tests,  the  velocity  of  the  trans- 
mitted sound  waves  generally  increases  with 
an  increase  in  the  density  of  the  transmission 
medium.  Wave  velocities  in  loose,  uncon- 
solidated soil  layers  range  from  600  to  1,500 
feet  per  second.  Velocities  in  more  compact 
subsurface  layers  range  from  2,000  to  9,000 
feet  per  second,  the  lower  ranges  of  2,000  to 
3,500  usually  being  associated  with  clay  mate- 
rials and  the  higher  ranges  of  4,000  to  9,000 
with  compact  gravels,  badly  broken  or  weath- 
ered rock,  and  soil-boulder  mixtures.  Solid 
rock  usually  allows  wave  transmission  veloci- 
ties between  10,000  and  20,000  feet  per  second. 
depending  upon  the  type  of  rock  and  its 
degree  of  weathering  or  fracture.  In  predict- 
ing the  character  of  material  that  may  be 
found,  particularly  in  the  intermediate  velocity 
group  (4,000  to  9,000  feet  per  second),  con- 
siderable judgment,  as  well  as  some  knowledge 
of  local  geologic  conditions,  is  required. 
Calibration  tests  over  known  subsurface  for- 
mations are  essential  for  a  successful  interpre- 
tation of  the  data  obtained. 

Actual  identification  of  the  materials 
involved  is  not  always  necessary,  however. 
For  example,  broken  rock  or  badly  seamed 
rock,   highly   compacted   shale,   or  cemented 
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gravel,  having  similar  velocity  characteristics, 
may  be  expected  to  offer  somewhat  similar 
difficulties  in  excavation  operations,  possibly 
requiring  some  blasting  and  special  handling 
and  distribution.  These  same  materials  will 
probably  show  similar  load-carrying  capacities 
when  considered  for  foundation  purposes, 
particularly  where  surrounded  by  materials 
which  have  been  left  in  an  undisturbed  state. 

Use  at  bridge  sites 

As  an  example,  seismic  tests  made  in  New 
Hampshire  at  a  proposed  bridge  site  on  the 
Pemigewasset  River,  near  Lincoln,  showed  a 
comparatively  high  wave  velocity  for  material 
lying  only  a  few  feet  below  the  surface  and 
apparently  continuing  to  a  depth  of  at  least  40 
feet.     This  material,  with  a  wave  velocity  of 


0.06 


9,400  to  9,600  feet  per  second,  was  predicted 
to  be  a  tightly  cemented  boulder  formation 
with  excellent  load-carrying  capacity.  Figure 
9  shows  the  excavation  subsequently  made 
for  one  of  the  bridge  piers  at  this  location. 
The  material  was  so  tightly  cemented  together 
that  only  a  simple  sandbag  cofferdam  was 
required  Soundings  and  drill  holes  through 
material  of  this  type  would  be  impossible  or 
could  be  made  only  with  great  difficulty  and 
at  considerable  cost. 

Another  bridge  location,  near  Crater  Lake 
in  Oregon,  was  investigated  by  the  seismic 
method  in  about  3  hours.  The  data  obtained 
showed  the  subsurface  formation  to  be  a  very 
dense  material  providing  a  wave  velocity  of 
8,400  to  8,600  feet  per  second.  Here,  again, 
there  could  be  no  doubt  regarding  the  existence 
of  adequate  foundation  materials.  Figure  10 
shows  the  seismic  data  for  two  of  the  three 
tests  made  at  this  location. 
Data  for  slope  design 

Experience  is  needed  to  determine  the 
particular  slope  design  that  will  be  adequate 
where  certain  materials  within  a  local  area  are 
involved.  With  proper  calibration  data,  the 
seismic  method  often  can  be  relied  upon  to 
establish  definitely  the  presence  of  these 
materials.  As  an  example,  the  data  in  figure 
11  show  the  presence  of  and  depth  to  the 
predominant  material,  shale. 

As  mentioned  previously,  portability  of 
equipment  is  of  primary  importance  to  the 
successful  application  of  geophysical  methods 
of  test  in  preliminary  surveys  for  a  highway 
location.  Figure  12  shows  typical  terrain 
.  encountered  in  the  construction  of  roads  in 
National  parks  and  forests  in  various  parts  of 
the  country.  In  designing  a  modern  highway 
through  such  country,  any  information  regard- 
ing the  materials  likely  to  be  encountered  in 
excavating  cut  sections  is  important.     A  close 
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Figure  11. — Refraction  seismic  test  over  a  shale  formation. 


balance  of  quantities  must  be  maintained  both 
in  the  interests  of  economy  and  to  avoid  waste 
or  borrow  areas  which  would  mar  the  natural 
scenic,  beauty  of  the  roadside.  Therefore,  a 
design  prepared  for  solid  rock,  with  a  }i  to  1 
slope  in  cut  section  (such  as  the  one  shown  in 
figure  12),  could  lead  to  embarrassing  diffi- 
culties should  a  comparatively  loose  earth  or 
talus  material  be  encountered,  requiring  al'i 
to  1  slope  reaching  high  up  the  mountainside. 
Large  quantities  of  material  would  have  to  be 
wasted  or  cared  for  by  substantial  changes  in 
alinement  and  grade.  Conversely,  where 
earth  slopes  are  expected  and  rock  is  found,  a 
source  of  borrow  would  be  required  for 
adjacent  large  fills  unless  major  grade  changes 
were  made 

The  ridge  from  which  the  photograph  shown 
in  figure  12  was  taken  originally  had  been 
assumed  to  contain  solid  rock.  A  tunnel 
several  hundred  feet  in  length  was  proposed  to 
carry  the  roadway  through  the  ridge,  some  100 
feet  below  the  top.  Test  pits  dug  to  obtain 
design  data  for  portal  construction  failed  to 
encounter  rock  above  grade.  Several  weeks 
were  required  for  this  exploration  work,  which 
cost  hundreds  of  dollars,  and  finally  a  redesign 
for  an  open  cut  was  found  necessary.  Seismic 
tests  requiring  no  more  than  2  or  3  hours  were 
sufficient  to  establish  the  fact  that  no  solid  rock 
existed  in  the  hill.  The  excavation  during 
construction  was  made  with  the  usual  heavy 
earth-moving  equipment.  Studies  made  with 
seismic  equipment  at  other  sites  have  been  of 
value  in  portal  design  and  in  indicating  the 
probable  need  for  tunnel  lining. 

Slide  conditions 

Another  problem  to  which  refraction  seismic 
equipment  has  been  applied  occurs  in  regions 
where  slide  conditions  are  prevalent.  In  some 
cases  the  loose  talus  material  frequently 
involved  in  a  slide  rests  upon  a  sloping  shale 
formation      which      constitutes     the     sliding 


surface.  This  talus  material  has  velocity 
characteristics  flittering  from  those  of  the  more 
compact  shales,  making  possible  the  location 
of  the  plane  of  separation. 

Although  the  refraction  seismic  test  has 
proved  of  value  in  preliminary  surveys  in 
various  phases  of  highway  construction,  as  has 
been  pointed  out,  it  has  not  been  used  to  the 
same  extent  as  the  earth-resistivity  test  in 
recent  years  because  of  the  greater  time  re- 


Figure  12. — Rugged  terrain  in  a  National 
forest  where  portable  equipment  for  sub- 
surface exploration  is  invaluable. 


quired  for  a  seismic  test.  Six  or  eight  seismic 
tests  per  8-hour  day  is  about  the  maximum 
number  to  be  expected,  under  reasonable  field 
conditions.  Fifteen  to  twenty  resistivity  tests 
are  usually  possible  under  similar  field  condi- 
tions. Seismic  tests  can  be  utilized  as  a 
completely  independent  check  of  the  indica- 
tions of  the  more  rapid  resistivity  tests,  how- 
ever, and  are  used  for  this  important  purpose 
in  the  routine  work  done  by  the  Bureau  of 
Public  Roads. 

Results  of  Earth-Resistivity  Tests 

In  a  subsurface  survey  in  the  field,  it  is  an 
established  procedure  to  make  calibration 
tests  with  the  resistivity  apparatus  over 
exposures  of  formations  believed  to  be  typical 
of  those  in  the  area  of  immediate  interest. 
Resistivity  curves  for  the  known  conditions 
are  then  used  for  comparison  with  curves 
obtained  over  unknown  conditions  elsewhere 
in  the  area.  From  these  comparisons  reason- 
ably accurate  predictions  can  be  made  regard- 
ing the  materials  to  be  encountered  below  the 
surface,  and  their  location.  Figure  13  shows 
typical  resistivity  curves  obtained  in  Arkansas, 
in  the  Ozark  National  Forest,  in  the  course 
of  a  resistivity  survey  of  about  22  miles  of 
proposed  roadway.  The  calibration  curves  on 
the  left  were  obtained  for  heavy  sandstone 
ledges  interbedded  with  shales  and  for  the 
soils  and  decomposed  shales  typical  of  the 
region.  These  latter  are  materials  that 
could  be  handled  with  the  heavy  self-loading 
scraper.  The  curves  of  the  right-hand  graph 
are  examples  of  the  field  curves  obtained  in 
the  survey  along  the  right-of-way  of  the 
proposed  roadway.  Little  difficulty  was  ex- 
perienced in  predicting  the  types  of  materials 
involved  for  the  several  curves  shown. 
Figure  14  shows  the  two  general  types  of 
material  over  which  calibration  tests  were 
made. 

Based  upon  the  usual  methods  of  direct 
exploration,  the  original  slope  design  called 
for  rock  slopes  over  a  considerable  portion  of 
the  right-of-way.  Actually,  earth  materials, 
as  predicted  from  the  results  of  the  resistivity 
survey,  were  found  in  a  majority  of  the  cuts 
during  the  construction  of  about  14  miles  of 
roadway  thus  far  completed.  The  entire  22 
miles  was  investigated  in  about  12  working 
days,  one  8-mile  section  being  covered  in  3>> 
days. 

In  northwest  Georgia,  resistivity  calibration 
tests  over  solid  rock  and  over  earth  formations 
produced  curves  as  shown  in  the  left  and  in 
the  lower  right-hand  graphs,  respectively,  of 
figure  15.  Although  the  shapes  of  the  curves 
obtained  are  quite  different  from  those  ob- 
tained for  materials  of  the  same  general  classi- 
fication in  Arkansas,  the  two  materials,  rock 
and  earth,  can  very  easily  be  distinguished 
one  from  the  other.  On  the  basis  of  these 
calibration  data,  the  typical  field  curves 
shown  in  the  upper  right-hand  corner  were 
all  interpreted  as  identifying  earth  materials 
easily  removed  by  self-loading  scrapers. 
Figure  16  shows  the  two  types  of  material 
over  which  calibrations  were  made. 
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In  the  Great  Smoky  Mountains  National 
Park  in  western  North  Carolina,  the  dense 
granite  rock  formations  typical  of  that  area 
weather  into  a  highly  micaceous  decomposed 
rock  material  that  can  be  removed  with 
scraper  units.  As  shown  by  the  calibration 
curves  in  figure  17  (solid-line  curves),  this 
material  has  an  extremely  high  resistivity,  1.5 
million  ohm-centimeters,  which  is  ten  times 
as  great  as  resistivities  found  in  some  solid 
rock  in  other  parts  of  the  country.  Due  to 
the  fact  that  the  parent  rock  in  a  solid,  un- 
weathered  state  has  even  higher  resistivities 
(4  to  5  million  ohm-centimeters),  it  is  again 
possible  to  differentiate  between  earth  and 
rock  excavation.  The  appearance  of  the 
materials  over  which  the  calibrations  were 
obtained  is  shown  in  figure  18.  That  section 
of  the  Blue  Ridge  Parkway  on  which  the 
resistivity  survey  was  made  has  not  yet  been 
built  and  no  confirming  correlations  are 
available  at  the  present  time. 

In  southeast  Missouri,  the  porphyry  rock 
found  in  the  vicinity  of  Fannington  has  a 
resistivity  as  indicated  by  the  upper  curve  of 
figure  19,  while  a  calibration  test  over  the 
soil  common  in  the  same  area  produced  the 
lower  curve  of  the  figure,  indicating  almost 
no  resistance  to  direct  current  flow.  No 
difficulty  was  encountered  in  determining  the 
type  of  material  present  in  all  but  one  cut  of 
all  those  investigated  on  a  4-mile  section. 

Other  resistivity  surveys  on  construction 
projects  in  Maryland,  Tennessee,  Virginia, 
and  the  District  of  Columbia  provided  infor- 
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Figure  13. — Resistivity  calibration  curves  {left)  and  typical  field  curies  (right)  obtained  in 
the  Ozark  National  Forest  in  Arkansas. 


mation  regarding  the  subsurface  formations 
that  agreed  closely  with  conditions  actually 
found  during  construction. 
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Figure  14. — Locations  where  resistivity  calibration  curves  shown  in  figure  13  were  obtained 

over  rock  (upper)  and  earth  (lower). 
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Application  to  foundation  problems 

Earth-resistivity  tests  can  be  of  assistance 
also  in  a  subsurface  study  of  the  foundation 
conditions  existing  at  proposed  building  sites, 
Jbridge  locations,  and  in  other  areas  where 
solid  rock  foundations  are  required  or  desir- 
able. 

In  1942,  at  the  request  of  the  Navy  Depart- 
ment, a  resistivity  survey  was  made  of  a  150- 
acre  tract  at  Carderock,  Maryland.  The  site 
is  underlain  with  rock  and  information  was 
desired  as  to  the  depth  to  rock  throughout 
the  reservation.  Altogether,  over  500  depth 
tests  and  upwards  of  10>2  miles  of  constant- 
depth  resistivity  traverse  were  made  in  carry- 
ing out  the  survey.  From  the  information 
obtained  a  rock  contour  map  (fig.  20)  was 
■  drawn  up  showing  probable  rock  elevations 
on  2-foot  contours  over  the  entire  area.  An 
accuracy  of  ±2  feet  at  any  point  in  the  area 
mapped  was  predicted.  In  1944  an  existing 
building  with  a  width  of  120  feet  was  extended 
for  1 ,800  feet  in  the  area  that  had  been  mapped. 
Cross  sections  of  the  rock  surface  as  found, 
obtained  at  intervals  of  10  feet  along  the 
building  axis,  showed  a  difference  in  total 
amount  of  stripping  of  less  than  6  percent 
from  that  computed  from  the  rock  contour 
map  prepared  in  1942.  About  100,000  cubic 
yards  of  stripping  were  involved. 

Figure  21,  showing  typical  traverse  data 
obtained  in  this  study,  illustrates  how  the 
resistivity  test  can  be  used  in  a  preliminary 
survey  to  obtain  information  that  may  be 
used  to  guide  a  detailed  survey  by  borings 
and  eliminate  many  unnecessary  soundings  or 
borings.  The  flat-lying  portion  of  the  curve 
suggests  a  uniform  condition  for  much  of  the 
distance  traversed.  The  peaks  in  resistivity 
indicate    those    areas    where    direct    borings 
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Figure  15. — Resistivity  calibration  curies  and  typical  field  curves  obtained  in  northwest  Georgia. 


should  be  concentrated  to  delineate  in  detail 
the  obvious  anomaly.  These  buried  ridges 
of  rock  can  be  traced  across  wide  areas,  indi- 
cating regions  where  excavation  will  be  diffi- 
cult or  where  foundation  conditions  will  be 
excellent  at  shallow  depth.  The  underlined 
dimension  figures  shown  are  depths  to  solid 
rock  obtained  by  resistivity  depth  tests  made 
at  100-foot  intervals  along  the  line  of  the 
traverse.  The  two  depth  curves  shown  in 
the  inset  are  a  striking  indication  of  radical 
changes  in  the  subsurface  at  stations  2  +  00 
and  13  +  00  of  the  traverse. 

In  bridge  foundation  studies  there  have  been 
numerous  instances  when  the  routine  sub- 
surface survey,  using  the  usual  methods  of 
probing,  wash  boring,  or  drilling,  has  failed 
to  disclose  unusual  conditions  later  found 
during  construction.  Piers  designed  origi- 
nally for  solid  rock  foundations  have  had  to  be 
carried  to  considerably  greater  depths  than 
those  shown  on  the  original  plans,  or  sup- 
ported upon  piling  extending  to  rock  at  a  lower 
elevation.  Figure  22  shows  several  resistiv- 
ity depth  curves  obtained  in  a  postconstruc- 
tion  survey  of  a  bridge  crossing  of  the  Flint 
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Figure  16. — Locations  where  resistivity  calibration  curves  shotvn  in  figure 

over  earth  (left)  and  rock  (right). 
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Figure  17. — Resistivity  calibration  curves  (solid  lines)  and  typical  field  curves  (broken  lines)  obtained  over  solid  anil  decomposed  granite  in 

North  Carolina. 
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Figure  18. — Locations  where  resistivity  calibration  curves  shown  in  figure  17  were  obtained 
over  decomposed  granite  (left)  and  solid  granite  (right). 


River  in  southwest  Georgia.  The  individual 
graphs  show  the  plan  data  for  depth  to  rock, 
the  depth  to  rock  as  found  during  construc- 
tion, and  the  depth  to  rock  as  predicted  from 
the  resistivity  data.  The  general  agreement 
between  the  results  of  the  resistivity  tests  and 
the  actual  conditions  existing  is  apparent. 

Although  it  is  not  possible  to  make  an 
unqualified  statement  regarding  the  effective- 
ness of  the  resistivity  test  generally  in  all  local- 
ities and  under  all  possible  combinations  of 
geologic  formations,  the  fact  remains  that  1 
or  2  hours'  work  at  a  particular  location  will 
usually  determine  the  extent  of  its  usefulness 
in  solving  the  particular  problem  at  hand. 
The  data  from  the  tests  made  in  Georgia 
are  similar  to  those  that  have  been  obtained 
elsewhere  in  areas  where  the  river  deposits 
have  shown  resistivity  characteristics  differing 
from  that  of  an  underlying  rock  formation. 

Tests  in  swampy  areas 

The  investigation  of  swamps,  peat  bogs,  and 
salt-marsh  areas  by  geophysical  tests  prob- 
ably constitutes  a  marginal  application  of 
such  methods,  since  simple  probings  are  often 
effective  in  these  areas.  However,  since  a 
resistivity  depth  test  to  depths  of  60  feet  can 
be  made  in  a  period  of  12  to  15  minutes,  the 
deeper  muck  deposits  can  be  studied  economi- 
cally in  competition  with  direct  probings. 
Where  sand  lenses  are  likely  to  be  present 
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Figure  19. — Typical  resistivity  calibration 
curves  over  solid  rock  and  earth  forma- 
tions in  southeastern  Missouri. 

within  a  relatively  deep  layer  of  muck  or  peat, 
probings  can  result  in  erroneous  information, 
being  stopped  by  relatively  thin  sand  layers. 
The  resistivity  test,  due  to  the  large  volume 
of  material  involved,  will  not  be  appreciably 
affected  by  thin  sand  lenses  and  will  indicate 
depth  to  a  true  bottom  formation. 

The  curves  shown  in  figure  23  were  obtained 
in  a  study  of  the  application  of  resistivity 
tests  to  determine  the  depth  of  peat  bogs. 
This  study,  carried  out  in  Michigan  in  1941, 
confirmed  earlier  test  results  obtained  in  a 
study  of  peat  formations  in  Wisconsin  as 
reported  by  Kurtenacker  (9,  10)  and  demon- 
strated that  resistivity  tests  can  be  used 
successfully  in  determining  the  depth  of  peat 
and  muck  layers. 

Figure  24  shows  results  of  a  resistivity 
survey  along  a  taxiway  at  the  Washington 
National  Airport.  The  resistivity  tests  not 
only  indicated  the  bottom  of  the  floating  sand- 
gravel  fill  upon  which  the  taxiway  was  placed, 
but  they  also  rather  effectively  located  a 
second  horizon  comprising  the  sand  and  gravel 
bed  of  the  river.  The  conditions  as  they 
exist  were  determined  by  data  obtained  from 
the  auger  holes  shown  in  the  figure.  The 
hatched  portions  of  the  columns  representing 
the  bore  holes  denote  the  thickness  of  the 
sand-gravel  fill,  and  the  solid  black  portions 
indicate  the  thickness  of  the  relatively  soft 
silt  on  the  river  bottom. 

It  is  of  interest  to  note  the  resistivity  peaks 
occurring  in  the  10-foot  depth  resistivity 
traverse,  shown  in  the  lower  portion  of  the 
figure,  which  coincide  with  the  thicker  por- 
tions of  the  granular  fill.  Even  the  small 
difference  of  a  few  feet  in  the  over-all  depth 
of  the  muck  from  place  to  place  had  caused 
differential  settlement  sufficient  to  affect  the 
pavement  of  the  taxiway. 


Knowledge  of  local  geology  essential 

Just  as  with  the  seismic  test,  a  working 
knowledge  of  the  local  geology  is  necessary 
when  attempting  to  predict  the  actual  char- 
acter of  the  materials  below  the  surface  from 
resistivity  tests.  Figure  25  shows  two  resis- 
tivity traverses,  the  upper  one  made  over  a 
rock  ridge  rising  almost  to  the  surface,  the 
lower  one  made  over  a  sand  and  gravel  deposit. 
The  similarity  of  the  two  curves  might  lead 
to  error  in  predicting  the  type  of  material 
without  at  least  a  general  knowledge  of  the 
local  geology.  The  depth  tests  shown  on 
the  right  of  figure  25,  however,  offer  some 
clue  as  to  the  actual  material  involved. 
When  a  solid  rock  formation  is  present 
beneath  a  soil  overburden  a  sharply  rising 
curve  is  usually  obtained,  similar  to  the  curve 
shown  in  the  upper  right-hand  graph.  The 
dipping  curve  shown  in  the  lower  right-hand 
graph  for  the  sand  and  gravel  formation 
suggests  to  the  experienced  operator,  ac- 
quainted with  the  local  geology,  that  such  a 
formation  is  likely  to  be  present.     Descending 


curves  of  this  same  general  type  obtained  in 
Arkansas,  however,  might  involve  a  sandstone 
ledge  underlain  by  decomposed  shales.  Or, 
in  southwest  Colorado,  a  curve  of  this  type 
might  be  obtained  with  talus  material  over- 
lying low-resistivity  shales.  It  is  necessary 
to  depend  upon  a  study  of  local  geology  and 
upon  calibration  tests  over  exposed  materials 
in  the  same  region  when  attempting  a  classi- 
fication of  the  materials  involved. 

In  Pennsylvania,  a  depth  test  was  made  at 
the  location  of  a  proposed  drill  hole  in  an 
investigation  of  foundation  conditions  for  a 
bridge  to  carry  the  Pennsylvania  Turnpike 
across  the  Susquehanna  River.  The  resistiv- 
ity depth-test  data  indicated  a  definite  change 
at  a  depth  of  27  feet,  as  shown  in  figure  26. 
The  consultant  geologist  suggested  that  the 
underlying  formation  might  be  shale.  The 
data  for  this  curve  were  obtained  in  about  an 
hour's  time.  In  contrast,  a  drill  crew,  starting 
simultaneously  with  the  resistivity  test, 
spent  2%  days  in  reaching  the  shale  at  26.5 
feet. 


■-TEST     PIT    Data 

NO 

ROCk   ELE* 

REMARKS 

N  1 

f»0C«   ELEv 

REMAPS 

i  ie  4 

SUBSURFACE 

EXPLORATION 

FOR 

WIND 

TUNNEL 

i  1 

121.4 

Subsurface 
exploration 

FOB 

MODEL 
STORAGE 
BUILDING 

2 

i  (6.  3 

12 

120   3 

1 

1  t  7    T 

1  3 

- 

1  17    A 

A 

125    5 

1    5 

117     3 

<*. 

123   3 

6 

t22  0 

• 

123.9 

1     7 

122   T 

17 

1   14    2 

JUNE  1942 
TEST   PIT 

ANO 

6"AUGEB 

1 

'  1  5.9 

a 

1  10   0 

i 

'   16 

9 

106* 

10 

ii3i 

20 

117,7 

2  i 

117    8 

MAT    1942 

.«    b 

2  t 

1  16.3 

•-COBE     DRILL      DATA* 

NO.]  BOCK    ELEV 

REMARKS 

NO 

POCK   ELEv 

REWABwS 

1 

'  i  8  9 

MARC.   ROC*" 

3 

116    4 

HARD    ROCK 

2 

12)    3 

SEAMED    BOCK 

14 

122  7 

1 

M8  0 

15 

12  19 

- 

1222 

16 

120  4 

5 

123    I 

HARD   BOCk 

1  7 

,  ,.,    ■, 

* 

I  16   9 

1    H 

'9 

M8? 

n 

'15   3 

BROKE N   POCk 

1  19  5 

* 

I  18   7 

BOCk 

20 

120.5 

^ 

114   7 

HARD    BQCK 

21 

121.7 

HARD   ROC* 

UNDERLAIN 
Bf  SOFT  ROCk 

10 

M6    l 

|  i 

121    7 

M9i 

?2 

125  3 

mAMO    POCk 

DATA    OBTAINED 


aiOR    TO  CONSTRUCTION    OF    BASH 


Figure  20. — Part  of  a  rock  contour  map  prepared  from  data  obtained  by  earth-resistivity 

tests. 
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Figure  21. — This  earth-resistivity  constant-depth  traverse  discloses  abrupt  changes  in  rock  surface  underlying  a  clay  soil  overburden. 
The  traverse  involved  a  20-foot  depth  along  a  2,000-foot  line.  The  underlined  figures  show  results  of  resistivity  depth  tests  for  depth 
of  overburden;  curves  for  two  such  tests  are  shown  in  inset. 
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Figure  22. — These  earth-resistivity  tests  at  Flint  River  crossing  in  Georgia  located  the  subsurface  rock  for  bridge  foundations  more 

accurately  than  drilling. 
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Advantages  and  Limitations  of  the 
Geophysical  Methods  of  Test 

The  seismic  test  is  particularly  useful  for 
determining  the  presence  or  absence  of  dense, 
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solid  rock.  The  high  velocity  usually  asso- 
ciated with  such  formations  makes  the  deter- 
mination quite  dependable.  Although  the 
resistivity  test  will,  in  most  instances,  indicate 
the  depth  of  overburden  to  a  high-resistivity 


formation  such  as  rock,  it  cannot,  in  the 
absence  of  confirming  geologic  data,  furnish 
a  completely  dependable  basis  for  predicting 
the  presence  of  rock  in  all  cases.  As  has  been 
shown,    sand   and   gravel    under   special    con- 
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Figure  23. — Resistivity  depth  tests  over  peat-bog  formations. 


ditions  can  have  reasonably  high  resistance 
and  show  subsurface  anomalies  quite  similar 
to  those  shown  by  solid  rock.  However,  in 
areas  where  solid  rock  layers  are  interbedded 
with  less  dense  materials  such  as  shales,  as 
occurs  in  Arkansas  and  in  many  other  areas, 
the  resistivity  test  is  much  the  better  tool 
since  it  is  possible  to  detect  the  change  from 
hard  rock  to  softer,  less  resistant  shales. 
The  seismic  test  under  such  geologic  conditions 
would  be  limited  to  an  indication  of  the 
depth  of  overburden  to  the  high-velocity 
sandstone  or  limestone  and  the  lower-velocity 
shales  could  not  be  located.  This  results  from 
the  fact  that  the  first  wave  to  reach  the 
detector  will  usually  cause  such  high  degree 
of  activity  in  the  galvanometer  elements 
controlling  the  deflections  of  the  photo- 
graphed light  rays  as  to  preclude  the  possi- 
bility of  detecting  any  subsequent  wave 
arrival  through  the  underlying  low-velocity 
formation. 

The  resistivity  test,  particularly  the  resistiv- 
ity traverse,  offers  a  practical  means  for  the 
rapid  investigation  of  large  areas  in  search  of 
localized  deposits  of  gravel,  sand,  or  other 
granular  materials  useful  in  road  construction. 
The  method  can  be  used  also  to  determine 
the  extent  of  special  soils,  such  as  impervious 
silty  and  clayey  soils,  which  might  be  useful 
for  earth-dam  and  levee  construction. 

The  seismic  test  is  not  well  adapted  for  an 
area  survey,  but  is  best  applied  to  the  deter- 
mination of  conditions  at  a  single  designated 
spot  or  limited  area  such  as  a  dam  site  or 
bridge  location.  Even  in  the  limited  areas, 
if  differential  weathering  has  been  in  progress, 

Figure  24  (below). — Results  of  earth-re- 
sistivity tests  along  the  edge  of  a  taxiway 
at  the  Washington  National  Airport. 
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Figure  25. — Resistivity  traverses  over  a  rock  ridge  and  a  sand  and  gravel  deposit  are  similar  in  appearance,  but  depth  tests  and  a  general 

knowledge  of  local  geology  offer  some  clue  as  to  the  actual  material  involved. 


leaving  pinnacles  and  deep  valleys  in  other- 
wise hard  rock  (a  condition  sometimes  en- 
countered in  limestone  formations),  the 
resistivity  test  may  possibly  prove  the  more 
valuable  of  the  two  methods.  In  such  cases 
the  sharp  irregularities  of  the  rock  surface 
present  unfavorable  conditions  for  consistent 
interpretation  of  the  seismic  data  {24).  To 
the  writer's  knowledge,  there  has  been  no 
report  on  results  of  resistivity  tests  carried 
out  in  such  areas. 

The  use  of  explosives  as  required  in  the 
seismic  method  is  not  desirable  in  thickly 
populated  areas.  Compliance  with  local 
regulations  regarding  possession  and  trans- 
portation of  explosives,  sometimes  rather 
strictly  enforced,  can  be  troublesome  and 
inconvenient,  placing  a  further  handicap  upon 
seismic  exploration. 

As  mentioned  previously,  the  time  required 
for  conducting  a  seismic  test  can  vary  from  1 
to  3  hours,  depending  upon  local  conditions, 
while  resistivity  tests  can  be  made  at  a  rate 
of  3  per  hour  to  depths  of  60  feet  in  rugged 
mountainous  terrain  A  seismic  party  may 
require  one  or  more  men  than  are  necessary 
for  the  efficient  operation  of  the  resistivity 
apparatus,     particularly     in     isolated     areas 
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Figure  26. — This  resistivity  depth  test  accurately  located  an  underlying 

sliale  formation. 


63 


where  supplies  of  explosives  and  film-develop- 
ing equipment  must  be  carried  in  by  hand. 
However,  stray  currents  leaving  cross-country 


pipe  lines,  or  emanating  from  electric  railway 
systems  in  urban  areas,  and  buried  utilities 
such  as  water  and  gas  pipes,  can  be  troublesome 


when  making  a  resistivity  survey.  These 
will  not  affect  the  efficient  use  of  the  seismo- 
graph. 


Selected  Bibliography  on  Shallow  Subsurface  Exploration  by  Earth-Resistivity  and  Refraction  Seismic  Methods1 


(1)  Wenner,  Frank 

Method  of  measuring  earth  resistivity. 
Department  of  Commerce,  Bureau 
of  Standards,  Scientific  Paper  258, 
1915. 

(2)  Gish,  0.  H. 

Improved  equipment  for  measuring 
earth- cut ■rent  potentials  and  earth- 
resistivity.  National  Research 
Council  Bulletin,  November  1926, 
vol.  11,  pt.  2,  No.  56,  p.  86. 

(3)  Crosby,  I.  B.,  and  Leonardon,  E.  G. 

Electrical  prospecting  applied  to 
foundation  problems.  Transac- 
tions, American  Institute  of  Min- 
ing and  Metallurgical  Engineers, 
1929,  vol.  81,  p.  199. 

(4)  Hummel,  J.  N. 

A  theoretical  study  of  apparent  re- 
sistivity in  surface  potential  meth- 
ods. Transactions,  American  In- 
stitute of  Mining  and  Metallurgi- 
cal Engineers,  1932,  vol.  97,  p.  392. 

(5)  Schappler,  11.  C,  and  Farnham,  F.  C 

The  earth  resistivity  method  applied 
to  the  prediction  of  materials  in 
excavation.  Twenty-fifth  Annual 
Mississippi  Valley  Conference  of 
State  Highway  Departments,  Chi- 
cago, February  1933. 

(6)  Roman,  Irwin 

Some  interpretations  of  earth-resis- 
tivity data.  Transactions,  Amer- 
ican Institute  of  Mining  and 
Metallurgical  Engineers,  1934, 
vol.  110,  p.  183. 

(7)  Tagg,  G.  F. 

Interpretation  of  resistivity  measure- 
ments. Transactions,  American 
Institute  of  Mining  and  Metal- 
lurgical Engineers,  1934,  vol.  110, 
p.  135. 

(8)  HUBBERT,     M.     K. 

Results  of  earth-resistivity  survey  on 
various  geologic  structures  in  Illi- 
nois. Transactions,  American  In- 
stitute of  Mining  and  Metallurgi- 
cal Engineers,  1934,  vol.  110,  p.  9. 

(9)  KuRTENACKER,    K.    S. 

Some  practical  applications  of  re- 
sistivity measurements  to  highway 
problems.  Transactions,  Ameri- 
can Institute  of  Mining  and 
Metallurgical  Engineers,  1934, 
vol.  110,  p.  49. 

(10)    KURTENACKER,    K.    S. 

Use  of  resistivity  methods  for  locating 
and  exploring  deposits  of  stone  and 
gravel.  Rock  Products,  July 
1934,  vol.  37,  No.  7,  p.  32. 


1  Reference  (IS)  contains  a  comprehensive  bibliography 
covering  the  fiel'l  of  geophysical  prospecting  prior  to  1934. 


64 


(11)  Keller,   W.   D. 

Earth  resistivities  at  depths  less  than 
100  feet.  Bulletin,  American  As- 
sociation of  Petroleum  Geologists, 
Tulsa,  Okla.,  1934,  vol.  18,  No.  1, 
]..  39. 

(12)  Parti.o,  F.  L.,  and  Service,  J.  H. 

Seismic  refraction  methods  as  applied 
to  shallow  overburdens.  Trans- 
actions, American  Institute  of 
Mining  and  Metallurgical  Engi- 
neers, 1934,  vol.  110,  p.  473. 

(13)  Heiland,   C.  A. 

Geophysics  in  the  nonmetallic  field.1 
Transactions,  American  Institute 
of  Mining  and  Metallurgical  Engi- 
neers, 1934,  vol.  110,  p.  546. 

(14)  Wilcox,  S.   W. 

Prospecting  for  road  metals  by  geo- 
physics. Engineering  News-Rec- 
ord, Feb.  21,  1935,  vol.  114,  No. 
8,  p.  271. 

(15)  Shepard,   E.   R. 

Subsurface  exploration  by  earth  re- 
sistivity and  seismic  methods. 
Public  Roads,  June  1935,  vol.  16, 
No.  4,  p.  57. 

(16)  Lee,   F,    W. 

Geophysical  prospecting  for  under- 
ground waters  in  desert  areas. 
U.  S.  Bureau  of  Mines  Informa- 
tion Circular  6899,  August  1936. 

(17)  Shepard,   E.   R. 

The  application  of  geophysical  meth- 
ods to  grading  and  other  highway 
construction  problems.  Proceed- 
ings of  the  Highway  Research 
Board,  November  1936,  vol.  16, 
p.  282. 

(18)  Ewing,    Maurice;    Crary,   A.    P.;   and 

Rutherford,  H.   M. 

Geophysical  studies  in  the  Atlantic 
coastal  plain.  Lehigh  University 
Publications,  September  1937,  vol. 
11,  No.  9,  pt.  1. 

(19)  Shepard,  E.  R. 

The  seismic  method  of  exploration 
applied  to  construction  projects. 
The  Military  Engineer,  Septem- 
ber-October 1939,  vol.  31,  No. 
179,  p.  370. 

(SO)   Wetzel,  W.  W.,  and  McMurry,  H.  V. 

A  set  of  curves  to  assist  in  the  interpre- 
tation of  the  three  layer  resistivity 
problem.  Geophysics,  Oct,  1939, 
vol.  2,  No.  4,  p.  329. 

(21)   Wood,  A.  E. 

Damsite  surveying  by  seismograph. 
Engineering  News-Record,  Mar. 
28,  1940,  vol.  124,  No.  13,  p.  438. 


(22)  Roman,  Irwix 

Superposition  in  the  interpretation  of 
two-layer  earth-resistivity  curves. 
Geological  Survey  Bulletin,  No. 
927-A,  1941. 

(23)  Shepard,  E.  R.,  and  Haines,  R.  M. 

Seismic  subsurface  exploration  on  the 
St.  Lawrence  river  project.  Pro- 
ceedings of  the  American  Society 
of  Civil  Engineers,  December 
1942,  vol.  68,  No.  10,  p.  1743. 

(24)  Roberts,  G.  D.,  and  Perret,  W.  R. 

Critical  study  of  shallow  seismic  ex- 
ploration in  the  limestone  areas  of 
the  Ozark  highlands.  U.  S.  Water- 
ways Experiment  Station,  Tech 
nical  Memorandum  No.  199-1, 
Feb.  10,  1943. 

(25)  Moore,  R.  W. 

An  empirical  method  of  interpretation 
of  earth-resistivity  measurements. 
American  Institute  of  Mining  and 
Metallurgical  Engineers,  Techni- 
cal Publication  No.  1743.  Also. 
Petroleum  Technology,  July  1944, 
vol.  7,  No.  4;  Transactions,  Amer- 
ican Institute  of  Mining  and 
Metallurgical  Engineers,  1945, 
vol.  164,  p.  197;  and  Public 
Roads,  January-February-March 
1945,  vol.  24,  No.  3,  p.  75. 

(26)  Moore,  R.  W. 

Prospecting  for  gravel  deposits  by 
resistivity  methods.  Public 
Roads,  July- August-September 
1944,  vol.  24,  No.  1,  p.  27, 

(27)  Muskat,  Morris 

The  interpretation  of  earth-resistivity 
measurements.  Transactions, 

American  Institute  of  Mining  and 
Metallurgical  Engineers,  1945. 
vol.  164,  p.  224. 

(28)  Ruedy,  R. 

The  use  of  cumulative  resistance  in 
earth-resistivity  surveys.  Canadi- 
an Journal  of  Research,  July  1945, 
vol.  23,  No.  4,  p.  57. 

(29)  Linehan,  Daniel 

Seismology  as  a  geologic  technique. 
Highway  Research  Board,  Bul- 
letin No.  13,  1948,  p.  77. 

(SO)   Geological  Survey 

Geophysical  abstracts.  Published 
quarterly,  Superintendent  of  Doc- 
uments, U.  S.  Government  Print- 
ing Office.  (Contains  abstracts  of 
currently  published  literature  rel- 
ative to  subsurface  exploration.) 

August  1950  •   PUBLIC  ROADS 

0.  S.  GOVERNMENT  PRINTING    OFFICE:  1950 


A  complete  list  of  the  publications  of  the  Bureau 
of  Public  Roads,  classified  according  to  subject  and 
including  the  more  important  articles  in  Public 
Roads,  may  be  obtained  upon  request  addressed  to 
Bureau  of  Public  Roads,  Washington  25,  D.  C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment  is  required. 

ANNUAL  REPORTS 

(See  alto  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 

1937,  10  cents.         1938,  10  cents.         1939,  10  cents. 

Work  of  the  Public  Roads  Administration: 

1940,  10  cents.         1942,  10  cents.         1948,  20  cents. 

1941,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947.  20  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1  .    .    .    Nonuniformity  of  State  Motor- Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .    .    .    Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .    .    .    Inadequacy  of  State   Motor- Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .    .    .    Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .    .    .    Case  Histories  of  Fatal  Highway   Accidents. 
10  cents. 

Part  8  .    .    .    The  Accident-Prone  Driver.     10  cents. 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor- Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act.     10  cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License  Act.     10  cents. 

Act  III. — Uniform  Motor- Vehicle  Civil  Liability  Act.     10  cents. 

Act  IV. — Uniform  Motor- Vehicle  Safety  Responsibility  Act.  10 
cents. 

Act    V. — Uniform  Act  Regulating  Traffic  on  Highways.    20  cents. 

Model  Traffic  Ordinance.     15  cents. 

MISCELLANEOUS  PUBLICATIONS 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).    40  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.    45  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location  (No.  1486D).     15  cents. 

Highway  Capacity  Manual.    65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 
249).     50  cents. 

Highway  Practice  in  the  United  States  of  America.     50  cents. 

Highway  Statistics,  1945.    35  cents. 

Highway  Statistics,  1946.     50  cents. 


Highway  Statistics,  1947.     45  cents. 

Highway  Statistics,  1948.     65  cents. 

Highway  Statistics,  Summary  to  1945.     40  cents 

Highways  of  History.     25  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways.   50  cents. 

Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 
Strips,  and  Other  Landing  Areas  for  Aircraft.     $1.50. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 

Roadside  Improvement  (No.  191  MP).     10  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  National 
Forests  and  National  Parks  (FP-41).     $1.25. 

Taxation  of  Motor  Vehicles  in  1932.    35  cents. 

The  Local  Rural  Road  Problem.    20  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.     10  cents. 

Transition  Curves  for  Highways.     $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

ANNUAL  REPORTS 

(See  also  adjacent  column) 

Public  Roads  Administration  Annual  Reports: 

1943.  1944.  1945. 

MISCELLANEOUS  PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography  on  Highway  Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skill  and  Right  Equipment. 

REPORTS  IN  COOPERATION  WITH 
UNIVERSITY  OF  ILLINOIS 


No.  304  . 

No.  313  . 

No.  332  . 
No.  345  . 

No.  346  . 

No.  363  . 

No.  369  . 

No.  375  . 

No.  386  . 


A  Distribution  Procedure  for  the  Analysis  of  Slabs 
Continuous  Over  Flexible  Beams. 

Tests  of  Plaster-Model  Slabs  Subjected  to  Con- 
centrated Loads, 

Analyses  of  Skew  Slabs. 

Ultimate  Strength  of  Reinforced  Concrete  Beams 

as  Related  to  the  Plasticity  Ratio  of  Concrete. 
Highway    Slab-Bridges  With  Curbs:  Laboratory 

Tests  and  Proposed  Design  Method. 
Study    of    Slab    and    Beam    Highway    Bridges. 

Part  I. 
Studies    of    Highway    Skew    Slab-Bridges    with 

Curbs.     Part  I :  Results  of  Analyses. 
Siudies    of    Slab    and    Beam    Highway    Bridges. 

Part  II. 
Studies    of     Highway    Skew     Slab-Bridges   with 

Curbs.     Part  II:  Laboratory  Research. 


STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  JUNE  30,  1950 
(Thousand  Dollars) 

S 
< 
ft 
o 
o 
at 
a. 

Id 

> 

h 
O 
< 

i 

J 

i 

un  unvo 

on  on  t— 

t— co  -* 

UN  ONCO 

t— COVO 

X>cO  tr- 

f-  OJ  o 

co  r— co 

O  r-  co 

un  r-  t- 

t^  r-  un 

^  co  -*   r—  OJ  rH 

DtO* 

ITS-*   OJ 

t—  COVO 

tooeo 

vo 

UN 

CO* 

CO 

UNQVO 
CO  OJ  ON 

3  £3 

-*    UNO 
rH  J-  -5 
H  CO   CO 

rH 

£>  t—  vo 
O  co  co 

UNCO   r^ 

r-l*- co 

rH    OJ    ITS 

r— ojvo 

f~K  CVJ 

un  r—  t-^ 

OHrl 
UN  OJ    rH 

rH    t-  ON 

30  VO  ON 
O  CO 

r-t    OJ 

3D  COCO 
0J  CO  CO 

.O   r-  rH 

rH    rH 

ON  rH  ON 
d-  CO  CO 
O  co 

r-i 

O  -*  O 

UN  J"  VO 
VO-4 

*  VO  ON 

01    COrH 
CVJ  COCO 

H  OJ 

ONV.O  Os  ro  rH  SO 

*  mo  t—  t-- oj 

o  ro  ro        CO  rH 

rH                                          OJ 

H  r-o 
o  J*  vo 
O  vo  co 

H  OJ 

C\  OSCO 

r-co  u^ 

Os  ro 

rH   O   UN 
X)  OVQ 
OJ   rH3 

rH 

UNCO  O 
-*^  t- 

3-S 

'I 

co  ON  un 
co  t-g 
t— O  .3 

33S 

CO  OJ   UN 
UN  O   UN 
D   O   rH 

ON  CO  ON 
OJ  VO   CO 
x5  CO  ON 

O    rH    OS 

■o  o  en 

CO  UN    9 

COCO  vD 
COON  O 

X>  COVO 
CJ  vo  co 

OV0V0 

OS  UNJ- 

O  VOCO 
O  ON  ON 

r>  o  vo 

OJVO  OJ 

woo 

t- J-  CO 

UNOJ  3 
OJ  -4  OJ 

UN  C—  ON 
-1  VO   UN 
OJ  OJ  co 

DOH   rOSO  CO 
jO  IAO   O  NO  u"s 
rH  Os  u-s  t—  -*  ro 

.IN  co  CO 
O  UN  ON 
COOJ  O 

Os  u-s  SO 
Os  t—  OJ 

>*    UNCO 

to  J-  oj 

CO  COrH 

tOOVO 
OJ  OJ   UN 

03  coo 

VO 

UN 

J- 

-* 
UN 

o 

rH 

UN  CO  CO 
M         rH 

r-  ro  as 

rOrH 

.*  f-rH 
>-i   CO 

O  CO   ON 
>~i   UN  rH 

DsOOS 

r-\    r-\    r-\ 

OJCO  CO 
OJ            r-< 

X>    <H    OJ 

co  coo] 

t—  UN  ON 
COrH 

ON  ON  UN 

UNOJ    CO 
rH    rH    ON 

no  rH    UN 
OJ    rH    UN 

u-sOJ  -*   OH4 
C\j  rH  SO   HHH 

-t  UN  ON 
CM  CO 

en  rosO 

OJ    rH 

CO  coco 
rH   OJ 

U3  rot— 

"3  % 
H°3 

novo  r- 

-*  °  Q 

.-!-*  ON 

sD  ro  oj 

.OHO 

L?33 

OsCO  t- 

r-co  CO 
h3  r- 

COVO  OJ 

OSO    rH 

OJSD  ro 
X5  OJ  ro 

CO  rH    UN 
OJ    rH    O 
ON  rH   UN 

^    OV  UN 
O  VO  o 

ON  OJ    rH 

33  O  O 

f—  ON  UN 
CO    UNCO 

ON  UNVO 
OW4 
rH  O  OJ 

ON  J-  J- 
4ffl4 
X>  OJ  CO 

■O  -4  ON 
CO  C—  UN 

co  M  i-l 

DCOiaH  r-so 
H  QCO  Hrnirs 
roso  SO    4  ONH 

rovp  vo 
ON  ON  J- 

*  t--* 

OVH   (A 
ro  U"\C0 
t—  uaso 

ON-*  -* 
CO  CO  t— 
rH  VOVO 

CO  UNVO 
rH  rH^ 
L*  OJ  CO 

no 
OJ 

t— 

ON 
ON 

o 

OJ 

rH  rH  UN 

co  h  no 
<fy 

ro-4  o\ 

DOJH 

OsOJ  ro 
rosO 

r-voco 

t~\    r-\    CO 
rH 

Q   rH   Os 

A  en  en 

•*  t—  r-  X>  O  co 

-*    rH    OJ    t—   t—  ^t 

i 

J    r-\  -* 

H  r-  co 

BrIO 
CO  rH    r-\ 

rH  ON  r- 

COrH  CO 

rH 

?vHS 

rH 

OsOJ  O 

*  OJ  ro 

rH 

H  OJ-* 
CVJ  OJ  OJ 

UN  J-  OJ 
*    t-  rH 

t—SO  U-s 
-4"  ro 

ONVO  OJ 
OJ   -*    rH 

*vovo 

rH           rH 

< 

IS 

U 

a 
| 
z 

0 

3 
K 
H 

z 

0 
0 

s 
1 

rH  rH  vo 
ONVO  no 

vo  H  oj 

c\j  h  n 

r—  Os  ro 

C—  O  CO 
<-H  O 

irs  OJ  CO 

u^so  ro 
CVJ  t- 

X)    t-ON 

ON  CO  UN 
^—  UN  UN 
rH    CO 

as  irv  oj 
x>  -*  as 

trs  OsCO 
C—  UAOJ 

UNVO-* 
COO    rH 

DCONO 
H 

f-vo  --i 
30  co  CO 

UN  O    rH 
OJ   UN 

ONCO  OJ 
J3    UN-* 

ONO  t— 

rH   VO    CO 

rH  ^    ON 

O  CO  t— 
rH  CO    OJ 
CO  r-t 

r—  UNVO 

-O   UN  UN 

OJ    rH  CO 

OJ    r-l 

ON  ON  CO 

O  OJ  O 
r-  r—  O 
4- VO  OJ 

Ht-O 

u-s  O  O 
Q  H  t— 

■3-    OJ    rH 

UN  UNC— 

t—  OJCO 
ONVO 
-*  UN 

CO  OJ  CO 

t—  t—  ON 
COVO    rH 
COVO    rl 

<-l 

u-s  ro  Os 

4-  t-so 

ro  r—  OJ 

CVJ   rl 

rH    UN  ON 
UN-*-* 

JD  CO  ro 
CO  CO 

CO           UN 

H         t- 
OJ         -* 

Jt 

Pi 

CO 

-* 

rH 

■si 

i/mH  m 

OvOO 
OJ  OJ   ON 

VO  -*  VO 

r-l  o  r— 
c—  oj  as 
.-h  o  r— 

as  as  m 

-H 

rH  irs-4- 
t—coco 

ro  no  so 
OJ  u-s  Os 

r- J-  ON 

OJVO  vo 

rA    COVO 

-^  co^O 
OJ 

t—  rH  CO 
OS  O    rH 
OS  ITS  U"\ 

as  r-  t— 

OJ  H  rH  O  r--» 
J3   rH    rH    J-    r-CO 
UN  ON  OJ  rH  CO  -* 

to  oj  co  X>  r-O 

OJ    rH    rH 

ONt— r- 

■=t    \~  r-i 
OJ  rH  ON 

CO  UNCO 

OWO    UN 
JD  VO  CO 
CO  COCO 

X)  CO    UN 
30  VO  CO 
CvlJ-  VO 

X>  -*    UN 

J- 

30  COO 

SSSn 

ON-*  ON 
rH 

[—-4-  u-s 
vO  O  -4 
OJ  ^O    LTS 

r-  t—  ^O 
ro 

t— -*  CO 

r-co  o 
O  O  UN 

UNVO  -=t 

■o  o  t— 

O  co-* 

UNVO    rH 

X>    UNJ- 
OJ 

r-so  rH 
•O  OJ  OJ 
trs  so  r— 

>-h  r-co 

OJ  OJ  ^* 
OJ  VOCO 

rlO\H 

UN  t—  UN 

OJCO  UN 
UN  ONt— 
ON  rH  UN 

rH           -* 

rH 
CO 
O 

-* 
ON 

-* 

II 

t-^  ON  t— 
novo  OJ 

HCOO 

OJ   IA^ 

fOH4 
CO  «-H  SO 
nOM3  us 

CO    ITS  SO 

ro  i-i 

OS  r-\    ITS 

as  so  -* 

-4-  O  H 

J-  I— CO 
O  ONVO 
vo  un  r- 

VO  CO  OJ 

u-s  so  CO 
OscO  ro 
irs  ir%  OJ 

O  -*  ir\ 

OJ    rH    rH 

UNOJ    1^-  rH  ^t    OJ 
CO  r-o  rH  CO  Q 
UNCO    O    rH    OJ    ON 

VO    UN  h-CO    CO  ON 
f-\            r-\  |UN-4"    t-i 

ro  o  co 
CO  -*  o 

VO  O  -* 

co  <-H 

400 

-4   CO  ON 

CO  co  r- 

OJ   UN  CO 

■O  r-  co 

-O    UN  rH 

OJCO  O 
t— vo  OJ 

rH            ON 

IA4    t— 
rH  H  O 
t-  C-rH 

ON  ON  rH 

rH             J- 

t--  ua  ro 
»  Q  u-s 

»-3ov 

4-  ro  ro 

rH    rH    f— 

OJ  VO  o 

t-  -=t    UN 
r-l    rH    CO 

2  3^ 

Ol   t—  t— 

4  i—t— 

CO  Ol  VO 

30  VO    UN 
r-l    UN 

O  roo 

r—  ltno 

,-4  SO    rH 

ro  u-s  Os 
rH  rH 

CD    OJ-* 
OJ    UNVO 
OJ   OJCO 

O  VO  t— 
rH   rH 

Ovp  OJ 

ONOV-* 
rH    COCO 

r*       o" 

rH 
CO 
ON 

s 

ON 

0 
u 

0! 
>r. 

£z 

>z 

zP 

GO 
Z 

8 

s 
i 

t— ONi-H 

ro  ro  f-H 

t-oso 

OJCO  o 

r—  oj  r— 

OJ    UN  COju   .  O  VO 

OJ   UN  ON 

C-  OJ   ON 

co  un  r— 

X)  covO 

OJ  OsvO 

4- VO  OJ 

OJ    UNOV 

vo  r--4 

ONO-* 

UN  UNCO 

rH 

J- 

o 

CO 

VOW    IA 
lA^O 
rH         no 

sOsO   t- 
CO  Os 

H  OJ  Os 

vo\o  J- 

■JVOVD 

r-K 

rH_=J-  CO 

trs  co  ^o 
n3  •-* 

o'  ONr^  t-J»  rH 
f-i            OJ           VOVO 

rH            1      oj  r- 

O   ONCO 

cot--3 

rH    OJ    rH 

-4  COOJ 

OJ    UN  CO 

rH    O  J- 

r-l 

OJ  COCO 
CO  t—OJ 
rH   OJ    rH 

oj  as  r— 

^  CM  en 
en 

OJ  vo  t— 
O  VO 
rH   CO 

UN  OJ    OJ 
CO  UNVO 
CO  UN 

-4O00 
ir\  Os 

rH 

UN  OJ    CO 

CO.*  vo 

OJ 

VO 

■s  « 

CO  rH   UN 

j-  r-oo 
coonoj 

oj       un 
*> 

SO  SO  CVJ 

Q     rH   CO 

co  t—  as 

OJ  OJ  OJ 

ITS  r-  r-l 
r-t  ro  OJ 

rH  ro  ro 

O  co  r- 

HHI- 

rH    O    CO 

-4"  CO  CO 
its  t—  ro 

MD  -*  VO 

OJ  OJ  J- 

"1 
VO  UA  OsCO  -*  SO 
o  i-h  o\r—  ITS  OS 

-4-        rH|ro-3-  u-s 

1 

VO    UN  OJ 
CO  UN  O 
-*    O    UN 

rH    UN  OJ 

UN  o  O 

-*co  co 

ON  rH   OJ 
rH 

ON  OJ   ON 

rH    ON  J- 

X)  VO  co 

■f    r-l    O 

d-  OJ  t- 
UNO  OJ 
D  OJ  ON 

OJ    OJ    rH 
r-l 

4-  OJ  Os 
C—  u-vso 
ro  rH  CO 

ITS  rH  CO 

X)  t—  CO 
-O  ON  CO 
t—  t—  UN 

OJ 

X)    OJ    rH 
-O    UN  UN 
**   -*    rH 

UNVO    rH 

co  ro  as 

[3F    rOrH 

r—  u-s  so 

OJ    rH 

rH    ONCO 
rH    OJ    O 

O  VOCO 

rH   OJ 

OJ  ONOJ 
VO   UNVO 
ON        VO 

ON 

o 

OJ 

VO 
UN 
rH 

13 

-*  oco 

rH  Onvo 

co  co  t— 

as  as-d- 

OS  r-t   OJ 

-4-  OsO 

O    rH    ITS 
rH  SO    OJ 

roo  -4- 

CO  ON-3- 
ONO  OJ 
t—  -d-   UN 

^*  irsO 
ro  Os  ro 
CO  CO  ro 

CO    C-rH 

CO  t—  OJ 
CO  OJ  ON 

VO  VO  -* 
rH    OJ    UN 
OJ    UN  f-i 

r-\    O    UN 
C-  r-i    UN 

CO  J-  O 

OJ    rH    O 
COOJ  O 
rH    OJ    UN 

ONCO  CO 
t—  O    rH 

COVO  o 

OV  OJ  CO 
OJ 

OJ    rH  VO 
-O  O  UN 
ONJ-  OJ 

UN-*    CO 
OJ 

vOOVO 
CK  t—  ro 
u-s  OscO 

rH    rH    t- 

rH            rH 

t— CO-* 
t— CO  t- 
UN-*   rH 

r-l    r-l  -* 

CVJ  VO  Q 

ON  ON  ON 

X)    OJ   UN 
r^rH^ 

Sr^o7 
UN  rH    CO 

rH    UN  CO 

VO    rH    OJ 
O   t— CO 

O  -=t  OJ 

OJ   UN  rH 

t—  ON  UN 

CO  H  co 

HH4 

OJ          rH 

CO 
ON 
VO 

-* 
rH 
CO 

Hr>         •-! 

CO  OJ  CvJ 

OJ  s^3  SO 

rH  O   t- 
OJ 

^  -^    ON 

CO  rH  OJ 

VO    ON  rH 

OJ    rH  J- 

J- 

> 

Z 

0 

a 
u 

8 

a 

a. 

1 

t—  UN  ON 

Os  r-  co 

i/s  t^-sO) 

C--*  ON 

rH   rH   t— 

Os  t— O 

UNVD   CO 

OJ  -d-  t— 

OJ    rH    UN 

UNf- J- 

O    UN  rH 

Os  OJCO 

X)    rH    OJ 

nnt- 

-*  J-   ON 

t— CO  CO 

O  UNO 

rH 

ON 
ON 

o 
r- 

rH 

ChHN 
rH  ONCO 
-*         OJ 

co  co  ir\ 
rooj  OJ 
OJ'r-l 

Q    rH    t— 
3"    ITS  rH 

-=fNO  VO 
CO  CO 

t-OvO 
O  -*  o 

vO   rH  CVJ 
rH 

rH  r— as 

rH   OJ   OJ 
OJ    rH 

UN  ON-d- 

rH    ON  Ol 

UN  rH 

rH 

•-<  CO  O 
O  3    rH 

coco  VO 

-=)•  O  CO 

VO    ON  UN 
VO   rH 

r-l    C^<~l 

rH    OJ    CO 

COOJ 

r-  On  On 

UN  CO-* 
rH 

rHSO    rH 

O  CTs  O 
ro        rH 

COOJ  Q 

vO  t— ON 

OJ    r-\ 

r-l 

OscO  t— 
OJ   OJ  t— 
rO-4  rH 

O-rH    OJ 

-*  vo  CO 

UN  r-l 

o  cot— 
CO  r-vo 

rH  J* 

-*  t— t— 

OJ          rH 

•3  . 
1^ 

UNt—  t— 

-*  2  "-1 

HO\W 

ro  t-  o 

-4  o  irs 

-4-  rH  O 

o  irs  as 
ro-4-  ir\ 
fOOJ  OJ 

UN  UN  CO 
ON  rH  ON 
UNCO  -3- 

CO    LT\  rH 

i/\  ro-* 
Oso  CVJ 

ir\  as  so 
so  irs  u~s 
vO  roso 

O  OJVO 

rH    CO  UN 

t—  O  co 

-=t    CO  UN 
OJ   COVO 

ON  r—  un 

r*  -*   rH 
rH    rH  VO 
ON  UN  ON 

OJ  J-  -=f 

UNVO  VO 
rH    OJ    Ol 

COOJ  OJ 
ONCO  A 

SHO 

OJ  OscO 

U"S  rH    O 

X)    UN  OJ 
rH  CO    OJ 
ON  UN  CO 

rosO  O 

as  r-  o 
ro  i-t  co 

^J- VO  VO 

CO    rH  CO 

J-  ONO 

rH  -*    rH 
UN  UN  CO 
Ol    t-rH 

-*  COON 
rHVO   rH 

t-OCO 

VO 
rH 
OJ 

-=T 

o 

J- 

t— OJ  vo 

4  com 

rH 

rH   CO  CO 

IAJ   ON 
OJ 

ITS  so  t— 

Os  u-s  n-> 

VO  ONVO 

OJ    UNCO 
H 

ONJ-   OJ 

OJ  VO    t— 
CO 

O  -*  -* 
•-i         OJ 

rH^^ 

.*  J-    t— 

t—  ro  ro 

rH    OJVO 

t—  OJ   OJ 

CO  COrH 

■3  S 

?3 

8n£2I 

rH    rH    rH 

J-  J-    r-Tl 
rH            rH 

-4"   rO-4" 

co  o  en 
-4-  SO  -4 

SO    IAO 
ro        rH 

OJ  UTs  ro 
4VOO 
<o  >-\  <J\ 

OJ  SO   ITv 
rH    rH 

OOJVD 
OnQS  ON 
CO  t—  r- 

r--  irsro 

ONCOVO 
ro  f—  t— 

ro  rH  J- 

f-i    r-i    r-i 

O  OJ  f- 

u~\sp  r— 

OS  OS  UN 

as  as  r— 

t—  ON  ON 
1—  UN-=t 
UN^*    O 

^t  t—  OJ 
rH    rH    rH 

r*  O  Cvl 
OJ  -*  ON 
CO  c-  co 

UN  ONVO 
OJ    rH 

CO -4  CO 
CO  r--d- 

rH  _*   ON 

ON  UN  UN 
rH 

J-  OV  CO 
O    r-l    r-l 
UNCO  CO 

*    OVOJ 

r- 

ON  ONVO 
UN  UN  ON 

sO  o  c— 

OJCO  o 
OJ          UN 

UN  COVO 

ro  co  ON 
D  OJ  CO 

Ol  r-co 
OJ         co 

OJ  CO  OJ 

*o  O  CO 
•O  covo 

ON  ON  OJ 

Os  ro  as 
u-\  oj  r— 

OJ     OJ    rH 

ir\SO  ua 

rH 

rH  VO  VO 
OJ  CO    UN 

t—  r-oj 

OJ    UN  CO 
OJ    rH 

UN  rH  CO 
Q   rH  OJ 
ON  ON  UN 

VO  -*  CO 
rH    OJ 

VO  O  ON 
COO  VO 
O  t-O 

CO  UN-* 

-* 
-* 
o 

VO 
ON 

t- 

Q 
U 

9  Id 

2  o 

UN  UNCO 

ri  <v  3 

VO  ^f  CO 

OOsO  rn 
CO  OJ  OJ 

<-»  o  rn 

coso  as 
no  cvj  ro 

OJ  CO    rH 

1— CO  o 
OJ   Q   CO 
ONCO    UN 

rocO  O 
CO  r-so 

OJ  -*  -? 

Ost— t- 

VO   IAO 

t-co  o 

.3-  ONO 

HVOI- 
no  ON  CO 

CO  OJ  O 
COVO  OJ 
ON  rH  CO 

CO  t-  -* 
ON  CO  t— 
OJ  VO  t— 

O  VO  ON 

vO    rH    UN 
UN  PO  rH 

O  OJ  CO 
VO  J*  co 
-*  ON  UN 

t—OJ  -* 
UNCO   ON 
ON  ON  Ol 

-* 

H44 
OJ   O  ON 
rH  rH  OJ 

CO  rH 

04CO 

r4"         UACO 

rH  CO   LfN 
rH    OSrH 

-*  OJ  CO 
rH  O  ON 
-*    UNCO 

r-l    UN  rH 

vo    UNO 
-*    OJ    UN 
rH    UNCO 

OJ  CO 

VOVO   UN 
O    O   rH 
UNVOVO 

rH   rH    UN 

ON 

co 

UN 

-* 
OJ 

it 

CO  rH   rH 

rH 

Hr> 

ro  co  oj 

rH  ^j-_* 

J-  CO  \o 

ro^-  OJ 

usH  01 

i.MVO  OJ 

O  C-  UN 

UN  rH    rH 

OJ    rH  J- 
CO 

CO  rOGO 

u 
H 
< 

<S1 

«<« 

3 

Iff 

.333 

S       - 

£•3  » 

lis 

QbO 

(A    8 

■o  —  c 

>'■'■' 

-if 

e 
•sis 

.f -c  s 

U 

la 

3. 

d    a 

rS  a  B 

i'n 

W    V    41 

zzz 

>-8 

V  v  o 

►sis* 

« £ « 
zzz 

in 

its 

zzo 

I       1 
o  c  >, 

J3   0   » 

3  w  3 

5  Si  c 
OOtS 

■olfl 

sis 

■g-S'S 

5^ 

I 

C    K^ 

HhrJ 

C 

S 

111 

'3 

rSftft 

a 

la 

E 

Is 
«s 

I'll 

< 

h 
0 

s- 

VOL.  26,   NO.  4      ' 


OCTOBER  1950 


Public  Roads 

A      JOURNAL      OF      HIGHWAY      RESEARCH 


PUBLISHED    BY 
THE   BUREAU    OF 
PUBLIC   ROADS, 
U.  S.    DEPARTMENT 
OF    COMMERCE, 
WASHINGTON 


Grade  separation  on  access  road  to 
Andrews  Air  Field,  Maryland 


Public  Roads 


A    JOURNAL     OF     HIGHWAY     RESEARCH 

Vol.  26,  No.  4  October  1950 


Published  liimonthh 


BUREAU    OF    PUBLIC    ROADS 
Washington  25,  D.  C. 

Regional  Headquarters 

180  New  Montgomery  St. 

San  Francisco  5,  Calif. 


IN    THIS    ISSUE 


Moment    Distribution    Analysis     of    Two-Span 
Arched  Frames  With  Elastic  Pier 


New  Publications 


65 
83 


DIVISION  OFFICES 

No.  1.  718  Standard  Bldg.,  Albany  7,  N.  Y. 

Connecticut,  Maine,  Massachusetts,  New  Hamp- 
shire, New  Jersey,  New  York,  Rhode  Island,  and 
Vermont. 

No.  2.  2034  Alcott  Hall,  Washington  25,  D.  C. 
Delaware,   District  of   Columbia,   Maryland,   Ohio, 
Pennsylvania,   Virginia,  and  West  Virginia. 

No.  3.   504  Atlanta  National  Bldg.,  Atlanta  3,  Ga. 
Alabama,     Florida,    Georgia,     Mississippi,     North 
Carolina,  South  Carolina,  and  Tennessee. 

No.   4.   South  Chicago  Post  Office,  Chicago  17,  111. 
Illinois,  Indiana,  Kentucky,  and  Michigan. 

No.  5.   (North).  Main  Post  Office,  St.  Paul  1,  Minn. 
Minnesota,     NortJi     Dakota,     South    Dakota,    and 
Wisconsin. 

No.  5.    (South).    Fidelity  Bldg.,  Kansas  City  6,  Mo. 
Iowa,  Kansas,  Missouri,  and  Nebraska. 

No.  6.  502   U.  S.  Courthouse,  Fort   Worth   2,   Tex. 
Arkansas,  Louisiana,  Oklatioma,  and  Texas. 

No.   7.    180  New  Montgomery  St.,  San  Francisco  5, 
Calif. 
Arizona,  California,  Nevada,  and  Hawaii. 

No.  8.    753  Morgan  Bldg.,  Portland  8,  Oreg. 
Idaho,  Montana,  Oregon,  and  Washington. 

No.  9.    254  New  Customhouse,  Denver  2,  Colo. 
Colorado,  New  Mexico,  Utah,  and  Wyoming. 

No.  10.     Federal  Bldg.,  Juneau,  Alaska. 
Alaska. 


Public  Roads  is  sold  by  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office.  Washington  25,  D.  C,  at  $1  per  year  (foreign 
subscription  $1.25)  or  20  cents  per  single  copy.  Free  distribution 
is  limited  to  public  officials  actually  engaged  in  planning  or  con- 
structing highways,  and  to  instructors  of  highway  engineering.  There 
are  no  vacancies  in  the  free  list  at  present. 

The  printing  of  this  publication  has  been  approved  by  the  Director 
of  the  Bureau  of  the  Budget  January  7,  1949. 


Contents  of  this  publication 
may  be  reprinted.  Mention 
of    source     is    requested. 


BUREAU    OF    PUBLIC   ROADS 
U.    S.     DEPARTMENT     OF     COMMERCE 

E.  A.  STROMBERG,  Editor 


Moment  Distribution  Analysis  of  Two-Span 
Arched  Frames  With  Elastic  Pier 


By  THOMAS  P.   REVELISE,  '  Highway  Bridge  Engineer, 
Bureau  of  Public  Roads 


INTRODUCTION 

DURING  recent  years  multiple  arches  in 
continuous  series  have  assumed  consider- 
able importance  in  the  structural  engineering 
field,  and  several  methods  of  analysis  of  such 
structures  by  moment  and  thrust  distribution 
have  been  developed  or  proposed.2 

This  paper  presents  an  adaptation  of  the 
method  of  moment  distribution  to  the  analysis 
of  two-span  arched  frames  with  elastic 
center  pier  and  with  either  fixed  or  hinged 
footings.  The  method  is  applicable  to  any 
two-span  continuous  arch,  but  is  arranged  for 
convenience  in  the  analysis  of  arched  frames 
due  to  the  importance  of  this  type  in 
divided  highway  overcrossings.  Detailed 
analyses  of  an  unsymmetrical  structure  with 
hinged  footings,  and  of  the  same  structure  with 
fixed  footings,  illustrate  the  procedure  and 
facilitate  its  use  in  the  design  office  with  a 


1  Acknowledgment  is  made  to  Dudley  P.  Babcock  and  T. 
P.  Weston  Jr.,  Highway  Bridge  Engineers,  for  checking  the 
computations  and  for  many  helpful  suggestions  and  criti- 
cisms. 

2  (1)  Continuous  Frames  of  Reinforced  Concrete,  by  Hardy 
Cross  and  Newlin  Morgan;  John  Wiley  &  Sons,  1932.  (2) 
Discussion  by  Donald  E.  Larson  of  the  paper  Analysis  of 
Continuous  Frames  by  Distributing  Fixed-End  Moment,  by 
Hardy  Cross;  p.  127,  Transactions  of  the  American  Society  of 
Civil  Engineers,  vol.  96,  1932.  (3)  Analysis  of  Multiple 
Arches,  by  Alexander  Hremnkoff;  p.  388,  Transactions  of  the 
American  Society  of  Civil  Engineers,  vol.  101,  19.'Sf>. 
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During  recent  years  multiple  arches  in  continuous  series  have  assumed 
considerable  importance  in  the  structural  engineering  field,  and  several  methoils 
of  analysis  of  such  structures  by  moment  and  tlirust  distribution  have  been 
developed  or  proposed.  This  article  presents  an  adaptation  of  the  method  of 
moment  distribution  to  the  analysis  of  two-span  arched  frames  with  elastic 
center  pier  and  with  either  fixed  or  hinged  footings.  The  method  is  applicable 
to  any  two-span  continuous  arch,  but  is  arranged  particularly  for  convenience 
in  the  analysis  of  arched  frames  because  of  the  increasingly  frequent  use  of  this 
type  of  structure  for  grade  separations  of  divided  highways. 

Part  I  of  the  article  is  devoted  to  the  necessary  mathematical  development 
for  a  structure  with  hinged  footings,  a  discussion  of  procedure,  and  an  actual 
sample  analysis  of  an  unsymmetrical  two-span  frame  with  hinged  footings. 
In  part  II  expressions  for  a  structure  with  fixed  footings  are  developed,  followed 
by  a  discussion  of  procedure  and  a  sample  analysis  of  the  same  structure  as  that 
used  in  part  I,  but  with  footings  fixed. 

The  use  of  forms  for  tabulating  computations  makes  most  of  the  analysis 
procedure  a  mechanical  operation  by  which  results  can  be  obtained  rapidly  and 
accurately  by  designers  of  limited  experience. 


minimum  of  preliminary  study  of  the  text  or 
reference  to  other  sources. 

Criterion  for  Arch  Analysis 

It  is  first  desirable  to  establish  a  criterion  of 
deck  curvature  in  order  to  differentiate 
arched  frames  requiring  an  arch  analysis  from 
those  that  may  be  analyzed  as  straight  frames 
with  empirical  corrections  for  the  effect  of 
arch  action.  Investigations  of  this  subject 
based  on  the  application  of  both  methods  to  a 
number  of  typical  structures  show  that  when 


the  rise  of  the  deck  neutral  axis  line  exceeds 
approximately  one  twenty-fifth  of  the  design 
span,  commonly  used  empirical  formulas  are 
not  valid.  An  example  of  the  sensitivity 
of  frames  to  deck  arching  is  the  case  of  a 
single-span  frame  subjected  to  balanced  earth 
pressure.  Under  this  loading  condition  a 
straight  frame  develops  negative  moment  at 
the  haunch,  while  a  frame  identical  in  every 
respect  except  for  a  deck  curvature  exceeding 
the  span-rise  ratio  of  1  to  25  develops  a 
positive  moment  at  the  haunch. 
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If  a  structure  is  sufficient  ly  arched  to  develop 
fairly  pronounced  arch  action,  failure  to  inves- 
tigate it  as  an  arch  may  result  in  error  as  to 
the  character  of. the  moments  as  well  as  to 
their  magnitude.  A  ratio  of  design  rise  to 
design  span  of  1  to  25  is  therefore  recom- 
mended as  the  criterion  that  should  govern 
the  decision  whet  her  or  not  analysis  as  a  true 
arch  is  necessary. 

Hinged  or  Fixed  Footings 

Most  bridge  frames  are  founded  on  material 
of  yielding  character  and  are  designed  on  the 
assumption  of  hinged  conditions  at  the  foot- 
ings. The  footings  may  be  constructed  integ- 
rally with  the  pier  and  abutment  stems,  or 
separated  by  some  device  such  as  lead  plates 
to  reduce  the  degree  of  fixity  at  the  base. 

Occasionally  the  structure  is  founded  on 
rock.  Full  fixity  at  the  footings  is  assumed  in 
the  design  in  this  case  since  the  bases  of  the 
pier  and  abutment  stems  are  usually  imbedded 
in  the  rock  and  the  excavations  made  for  that 
pur] lose  are  filled  with  concrete.  It  is  recog- 
nized that  ideal  conditions  of  restraint  are 
practically  unattainable  and  that  the  actual 
condition  for  most  structures  is  intermediate 
between  hinged  and  fully  fixed.  The  usual 
practice,  nevertheless,  is  to  base  the  design  on 
either  an  ideal  hinged  condition  or  an  ideal 
fixed  condition,  giving  due  consideration  to 
the  character  of  the  foundation  and  type  of 
footing  to  be  constructed. 

Design  constants  and  forms  for  tabulating 
computations  are  developed  in  this  paper  for 
both  hinged  and  fixed  footings.  In  general, 
the  variation  in  the  two  procedures  is  analagous 
to  that  which  is  encountered  in  the  applica- 
tion of  ordinary  moment  distribution  to 
straight-framed  structures  having  hinged  and 
fixed  members. 

Part  I  of  the  paper  is  devoted  to  the  neces- 
sary mathematical  development  for  a  hinged 
condition,  a  discussion  of  procedure,  and  an 
actual  sample  analysis  of  an  unsymmetrical 


two-span  frame  with  hinged  footings.  In 
Pari  II  expressions  for  a  fixed  condition  are 
developed,  followed  by  a  discussion  of  proce- 
dure and  a  sample  analysis  of  the  same 
structure  used  in  Part  I,  but  with  footings 
fixed. 

Steps  in  the  Analysis 

In  deriving  the  design  constants,  the  frame 
leg  and  contiguous  arched  deck  are  treated  as 
a  structural  unit.  A  load  of  unity  is  placed  at 
10  points  on  each  arch,  and  fixed-end  moments 
and  thrusts  are  computed  at  the  juncture  of 
the  deck  members  and  pier.  The  fixed-end 
moments  and  thrusts  are  then  distributed  at 
this  joint  until  the  desired  convergence  is 
reached. 

The  first  step  of  the  analysis,  computation 
of  fixed-end  moments  and  thrusts  for  various 
positions  of  a  unit  load,  constitutes  solution  of 
a  single-span  unsymmetrical  arch,  fixed  at  the 
connection  with  the  pier  and  either  hinged  or 
fixed  at  the  footing.  Formulas  for  this  com- 
putation are  derived  from  the  basic  elastic 
equations  of  rotation  and  displacement.  The 
resultant  expressions  are  adapted  to  a  form  for 
tabulating  computations  in  which  computed 
values  of  moment,  .1/,  vertical  reaction,  V, 
and  horizontal  thrust,  //,  are  obtained  directly 
at  the  (joints  of  fixity  for  10  positions  of  a 
unit  load  on  each  arch.  No  sketching  of 
influence  lines  is  necessary.  By  using  unit 
values  in  the  distribution  procedure,  only 
two  distributions  are  required  for  symmetrical 
structures,  and  four  if  the  structure  is  unsym- 
metrical. The  necessary  joint  constants  are 
evaluated  from  expressions  derived  in  the 
computation  for  fixed-end  moments  and 
thrusts.  It  is  recommended  that  the  compu- 
tations be  made  on  a  calculator,  and  with  a 
degree  of  accuracy  not  less  than  that  indicated 
in  the  sample  analyses. 

After  the  indeterminate  moments  and  re- 
actions are  obtained,  further  design  data 
may  be  derived  in  the  same  manner  as  for 


statically  determinate  structures.  This  por- 
tion of  the  work  is  subject  to  considerable 
variation  and  is  omitted  in  the  sample  analyses. 

Tabulating  Forms  Used 

The  use  of  forms  for  tabulating  computa- 
tions renders  most  of  the  procedure  mechanical 
in  nature.  Experience  with  similar  forms  in 
arch  and  arched-frame  analysis  shows  that 
results  can  be  obtained  rapidly  and  accurately 
by  designers  of  limited  experience.  The 
method  is  thus  applicable  directly,  without 
reference  to  the  mathematical  derivations. 

The  analysis  of  two-span  arches  and  arched 
frames  with  elastic  pier  is  especially  well 
adapted  to  the  type  of  procedure  illustrated 
in  the  sample  analyses.  The  various  opera- 
tions are,  in  general,  analogous  to  the  proce- 
dure of  ordinary  moment  distribution,  and  the 
convergence  of  values  is  rapid.  In  view  of 
the  comparatively  limited  variation  in  the 
geometric  characteristics  of  this  type  of  struc- 
ture, it  is  doubtful  that  actual  cases  will  occur 
in  which  the  conversion  of  the  distribution 
cycles  is  retarded  to  an  objectionable  degree. 

Occasionally  special  architectural  treatment 
of  the  structure,  such  as  the  addition  of  stone 
facing,  results  in  a  pier  of  sufficient,  mass  to 
virtually  break  flexural  continuity  at  the 
joint.  In  such  cases  it  is  logical  to  assume 
fixity  at  the  joint,  and  design  each  arch  in- 
dependently. 

Somewhat  greater  refinement  in  the  com- 
puted values  could  be  obtained  by  placing  the 
unit  loads  between,  instead  of  at  the  elastic 
centers  of  gravity.  It  is  believed,  however, 
that  the  accuracy  of  the  method  used  is  not 
inconsistent  with  the  limitations  imposed  by 
uncertainties  in  basic  assumptions  and  in 
construction. 

Following  part  II  of  the  paper  there  appears 
a  series  of  influence  lines  (figs.  13  and  14,  p.  84), 
showing  the  comparative  effect  of  hinged  and 
fixed  footings  at  some  of  the  critical  points. 


Part  I.— ANALYSIS  OF  STRICTURES  WITH  HINGED  FOOTINGS 


Required  Design  Constants 

Three  structural  elements  are  considered 
in  the  analysis,  as  illustrated  in  figure  1: 
Unsymmetrical  arch  AB,  unsymmetrical  arch 
BC,  and  elastic  pier  BD.  The  required  design 
constants  are  defined  as  follows: 

Fixed-end  moment. — The  moment  at  B  due 
to  a  load  P  or  P',  if  B  were  completely  fixed. 

Fixed-end  thrust. — The  thrust  at  A  or  C 
due  to  a  load  P  or  P' ,  if  B  were  completely 
fixed. 

Moment  stiffness  of  arch  rib. — The  moment 
at  B  necessary  to  produce  a  rotation  of  unity, 


-HINGE 


-HINGE 


Figtire  1. — Design  sketch  of  frame. 


without  horizontal  or  vertical  displacement 
at  B. 

Induced  thrust  of  arch  rib. — The  thrust  at  .1 
or  C induced  by  a  moment  of  unity  at  B,  with- 
out horizontal  or  vertical  displacement  at  B. 

Thrust  stiffness  of  arch  rib. — The  thrust  at 
B  necessary  to  produce  a  horizontal  displace- 
ment of  unity  at  B  without  vertical  displace- 
ment or  rotation  at  B. 

Induced  moment  of  arch  rib. — The  moment 
at  B  induced  by  a  horizontal  thrust  of  unity 
at  A  or  C,  without  vertical  displacement  or 
rotation  at  B. 

Development  of  Fixed-End  Moment 
and  Thrust 

In  figure  2  the  arch  rib  from  the  hinge  at 
the  footing  A  to  the  juncture  with  the  elastic 
pier  and  adjacent  arch  rib  at  B  is  treated  as  a 
single  structural  member,  fixed  at  B.  The 
term  "arch  rib"  is  used  in  referring  to  these 
members  because  of  the  common  practice  of 
basing  barrel-arch  analyses  on  an  element  1 


foot  wide.  This  practice  is  followed  in  the 
sample  analysis.  A  concentrated  load  P  is 
placed  on  the  arch  rib,  inducing  a  fixed-end 
moment  at  B  and  equal  fixed-end  thrusts  at 
B  and  A.  Both  the  point  at  which  the  load 
P  is  applied,  and  the  horizontal  distance  from 
the  neutral  axis  of  the  frame  leg  to  that  point, 
are  represented  as  a.  In  usage,  it  will  be 
obvious  whether  a  represents  the  point  or  the 
distance. 


Figure  2. — Sketch  fur  use  in  deriving  fixed- 
end  moment  and  thrust. 
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The  moment  from  A  to  a=  Vx—Hy. 

The  moment  from  a  to  B= 

Vx-Hy-P(x-a). 

Letting  P  equal  unity,  the  moment  from 
a  to  B=  Vx  —  Hy  —  (x—a). 

From  the  condition  that  point  A  is  not  dis- 
placed horizontally  and  from  the  condition 
that  point  .4  is  not  displaced  vertically  the 
following  two  elastic  equations  may  be 
written : 

X]    cit    (vertical  displacement)  =  0--(/) 

*y^,    .pj     (horizontal  displacement)  =0.(2) 

The  modulus  of  elasticity,  E,  is  constant 
for  the  entire  structure  and  may  be  eliminated 
from  the  basic  equations  in  evaluating  external 
reactions  due  to  flexure.  In  addition,  it  will 
simplify  the  expressions  somewhat  to  use  a 
single  symbol  for  values  of  ds/I.  Accord- 
ingly, ds/I  is  represented  by  the  symbol  A. 

Making  these  modifications,  equations  (1) 
and  (2)  may  be  restated  as  follows: 


X  MxA=0_ 


•  (3) 


-U) 


X  My A=0_ 

A 


Insertingthe  general  expression  for  moment 
into  equations  (3)  and  (4),  the  following  are 
obtained: 

B  B  B 

F2i!A-W2i!/A-Il  (x-a)xA  =  0 

A  A  a 


(5) 


V  X  xyA-H  X  2/2A~X)  (x-a>yA=0 
A  A  a 

(6) 

Solving  equations  (5)  and  (6)  for  H  and  V: 


H= 


B  B  B  B 

X  (x-a)xAX>2/A-S  (i-oll/iS^ 

a  A  a  A 


B  B  /  B  \2 

X^aX^-I  X*2/a) 

A  A  \   A  / 


(7) 


V= 


B  B  B  B 

X  (x-a)xA^y2A-^  (x-a)yA^xyA 
a  A  a  A 


B  B  /  B  \  ^ 

A  A  V  A  / 


(5) 


When  x  is  less  than  a,  the  value  of  the  term 
(a;  — a)  is  zero  in  equations  (5),  (6),  (7),  and 
(8). 

The  work  entailed  in  evaluating  H  and  V 
is  substantially  reduced  by  a  modification  of 
equations  (7)  and  (8).  The  assumption  is 
made  that  the  xA  and  ?/A  values  represent 
actual  loads,  concentrated  at  the  midpoints 
of  equal  dx  divisions.  Making  this  assump- 
tion, the  expressions 

B  B 

X  (x—a)x&  and  X  Op— a) 2/ A 


in  equations  (7)  and  (S)  then  represent  the 
cantilever  moments  about  point  a  of  the  xA 
loads  and  yA  loads  between  a  and  B.  These 
cantilever  moments  about  point  a  may  in 
turn  be  expressed  as  the  areas  of  the  xA  and 
yA  shear  diagrams  between  a  and  B.  The 
ordinate  of  the  xA  shear  diagram  at  any  load 
point  between  a  and  B  is: 

B 

X*A 

o+l 

In  this  expression  a  is  any  load  point  between 
the  load  and  B.  The  summation  is  taken  from 
a+1  (a  plus  one  load  point)  because  the  xA 
concentration  at  point  a  theoretically  passes 
through  the  assumed  point  of  support  and 
thus  causes  no  shear. 

Having  developed  an  expression  for  the 
ordinate  of  the  xA  shear  diagram  at  any  load 
point  between  a  and  B,  it  is  apparent  that 
the  area  of  the  shear  diagram  may  be  ex- 
pressed as  the  sum  of  the  ordinates  at  the 
centers  of  the  equal  dx  divisions  multiplied 
by  the  length  of  those  divisions.  Hence  the 
xA  cantilever  moment  and  the  yA  cantilever 
moment  expressions,  in  both  of  which  a,  in 
the  first  summation  symbol,  is  the  point  of 
load,  are: 


xA  cantilever  moment 


yA  cantilever  moment  = 


V    a     o+l       / 
\   a    o+l       / 


dx 


dx 


The  above  expressions  are  equated  'respec- 
tively to  the  terms 

B  B 

X)  {x  —  a)xA  and  ^^  (x—a)yA 


and  are  substituted  in  equations  (7)  and  (8), 
which  now  become: 


B      B  B  B      B  B  \ 

XX*AX>A-X1&AI>2A)^ 


H= 


a    a+1  A  a    a-\-l  A 

D  D  /     R  \  2 

X-^X>2a-(  X^A 

A  A  \   A 


(9) 


v= 


R  /?  R  D  D  D  \ 

X  X) x  A2  2/2A  -  X)  S  2/AS  *2/A  J  dx 

a    a+1  X  a    o+l  A  / 


B 


B  /   B  \2 

x2AX2/2A-(  X*2/a  ) 


(JO) 


For  temperature  change: 

(ETh) 
HT=±- 


CH 


R  R 

X  *2A  X  y2A 

A  A 


(ETle) 


VT=±- 


(!>a) 


a*) 


B  B 


X  z2A  X  2/2A 

X  A 


-(X>A) 


(J*) 


in  which 

E= modulus  of  elasticity. 
T=number  of  degrees  change  in  temper- 
ature. 
1  =  design  span  length. 
e  =  coefficient  of  expansion. 

It  is  customary  to  use  the  plus  sign  to  desig- 
nate values  of  HT  and  VT  caused  by  a  rise  in 
temperature. 

Equations  (.9),  (10),  (11),  and  (12)  may 
now  be  used  for  evaluation  of  fixed-end  mo- 
ments and  fixed-end  thrusts  due  to  concen- 
trated loads  and  temperature  change,  as  shown 
in  the  sample  analysis.' 

Development    of    Arch    Rib    Design 
Constants 

In  figure  3  the  hinge  at  A  is  assumed  to  be 
cut  free,  and  joint  B  given  a  rotation  a. 
Joint  B  is  is  then  locked  in  this  position  and 
A  is  returned  to  its  original  position  by  first 


Figure  3. — Sketch  for  use  in  deriving 
moment  stiffness  of  arch  rib. 

a  horizontal  displacement,  ha,  without  ver- 
tical displacement,  and  then  by  a  vertical 
displacement,  la,  without  horizontal  displace- 
ment. The  moment  induced  at  B  is  that 
which  would  have  been  induced  by  holding 
A  in  its  original  position  against  displacement 
and  rotating  B  through  the  angle  a.  The 
moment  stiffness  of  the  arch  rib  is  expressed 
by  the  term  M/a  in  which  M  is  the  moment 
at  B  induced  by  the  rotation  a. 

The  procedure  is  performed  in  two  steps, 
as  indicated  in  the  previous  paragraph.  In 
step  1,  A  is  given  a  horizontal  displacement, 
ha,  without  vertical  displacement,  and  Hu 
Vi,  and  Mib  are  derived.  In  step  2,  A  is 
given  a  vertical  displacement,  la,  without 
horizontal  displacement,  and  H2,  V2,  and 
M-ib  are  derived.  The  final  moment  at  B  is 
thus  MiB  +  M2B  and  the  final  thrust  is  Hi  +  H2. 
These  correlated  values  may  be  used  in  ob- 
taining the  mathematical  expressions  for  the 
previously  defined  arch  rib  design  constants 
as  follows: 

Moment     stiffness     of    arch    rib  = 
(M]B  +  M2B)^a 

Induced     thrust     of     arch     rib  = 
(Hi-HJMM1B+Ma) 

Thrust  stiffness  of  arch  rib  =  Hi  +  /ia 

Induced  moment  of  arch  rib  =  MlB-^Hi 

Step  /.—In  deriving  expressions  for  fixed- 
end  moment  and  fixed-end  thrust  the  modulus 
of  elasticity,  E,  is  omitted  and  the  recurrent 
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Step  2. — From  the  condition  that  A  is  dis- 
placed a  distance  la  and  from  the  condition 
that  A  is  not  displaced  horizontally,  as  shown 
in  figure  5,  the  following  elastic  equations  may 
be  written: 


SMz|  =  Za 


E 


■  (20) 


A 


A 
E' 


.(21) 


Figure  4. — Sketch  for  use  in  step  1  deriva- 
tions. 


term  ds/I  is  represented  by  the  symbol  A  for 
convenience.  The  absolute  expressions  for 
moment  and  thrust  stiffness,  however,  con- 
tain E  as  a  function.  Therefore,  the  term 
A/E  is  used  in  deriving  these  constants. 

From  the  condition  that  A  is  displaced 
horizontally  a  distance  ha  and  from  the  condi- 
tion that  A  is  not  displaced  vertically,  as 
shown  in  figure  4,  the  following  two  elastic 
equations  may  be  written: 


A 
E 


J2My~=ha. 

A 


(13) 


A 

E 


Z}Mc-£=0 (14) 

A 


No  sign  is  affixed  to  the  displacement  term, 
ha,  since  the  direction  of  the  displacement  and 
of  the  forces  causing  it  is  obvious,  as  noted  in 
figure  4. 

The  moment  at  any  point  between  A  and 
B—Vix  —  Hxy.  Inserting  the  general  expres- 
sion for  moment  into  equations  (13)  and  (14) 
the  following  are  obtained: 


B         A  B        A 

A 


E 


E 


B  A  B  A 


E 


E 


(16) 


A         "  A 

Solving  equations  (15)  and  (16)  for  Hi  and 


Hi 


B 

ha'5~slX2A 
A 


B  V         B  B 

x>?/a  )  -]>>2AzyA 

A  /  A  A  _ 


E..(17) 


The  moment  at  any  point  between  A  and 
B=H2y—V2x.  Inserting  the  general  expres- 
sion for  moment  into  equations  (20)  and  (21) 
the  following  are  obtained: 


HZ>2/£-^I>2lH 


E 


E 


ftSi/4-^S^r0 


E 


.(22) 


Solving  equations  (22)  and  (23)  for  H2  and 


V2: 


H2 


B 

la  X)  xyA 
A 


B  \2         B  B 

l_\   A  /  A  A 


E 


B 

A 


/    7?  \  ^  R  R 

(  ]>>.'/AJ  -X>2A]>>2A 


.4  _J 


E...(25^ 


Whence: 
M2B  =  H2h-V2l- 


(15)      r- 


hUxjh,  xy±\  -iflajt,  2/2M 

(x>aY 


b         Y      B  B 

2>2/A)  -Z^AX^A 
l_    \   A  /  A  A 


E. 


(26) 


Figure  5. — Sketch  for  use  in  step  2  deriva- 
tions. 

Induced  thrust  of  arch  rib  = 
(H1-H2)  +  (MiB+M2B)  = 

B  B 

h  ^2  x2A  —  I  ~5^,xyA 
A A 

IQi^xyA-l  2  >f-A)+h(l  J^xyA-h  £>2A) 
A  A  A  A 

(28) 


Thrust  stiffness  of  arch  rib  =  Hi-i-ha- 


B 

X>2A 
A 


r  n  fi 

(^xyA)>-  X)xMX)2/2A 
l—     A  A  A 


E 


.(29) 


Induced  moment  of  arch  rib  —  MiB-t-Hi  = 


.(SO) 


B  B 

I  ^xyA-h  y>2A 

A A 

B 

A 


Development  of  Elastic  Pier  Constants 

The  elastic  pier  is  assumed  to  be  of  uniform 
cross  section,  in  accordance  with  common  con- 
struction practice.  The  moment  of  inertia  of 
this  member  is  constant,  therefore,  and  the 
expressions  for  moment  stiffness,  thrust  stiff- 
ness, induced  moment,  and  induced  thrust  can 
be  derived  directly  without  recourse  to  the 


The  basic  expressions  for  the  arch  rib  design 
constants  have  already  been  stated.     Substi- 
tuting  in  these  the  expressions  foi&u  V„  and       summation  process  which  is  required  in  the 
MlB,  derived  as  equations  (17),  (18),  and  (19)       case  of  the  arch  rlb  constants.     Referring  to 
in  step  1,  and  the  expressions  for  H2,  V2,  and      nguie  b- 
M2B,  derived  as  equations  (24),  (25),  and  (26)  Moment  stiffness  of  pier  = 

in  step  2,  the  arch  rib  design  constants  may 
now  be  expressed  as  follows: 


M  =  ni:la=(Hl)(3EI)=3EI 


HP 


V>= 


B 

ha*y^,xyA 
A 


B  y       B  B 

S^A)-2>2A2>2A 

1_\  A  /  A  A  _] 


E..U8) 


Whence: 


MlB=Vil-Hih  = 

\         /       b       g\-i 
>jXyA  j-hi  ha>ylxiA  J 

~B  V        B  B 

Xl-r.'/A)  -x>2a]E>2a 

l_       \    A  /  A  A 


i(A«z; 


E._  (19) 


Moment  stiffness  of  arch  rib  = 
(M1B  +  M2B)-^a  = 


/        B  B  \  /        B  B  \" 

ll  ha^xyA  —  la^y-A  )  +  M  la^iXijA  —  ha^x^  ) 


B  y       B  B 

A  /  A  A 


B  B  \  /     B  B  \" 

(  h^xyA-l^y^A \  +  hll^xyA-h^x*A J 


E)  -^-a  = 


<• 


b         y      B  B 

XI  an/A  )  -  J2  *2ax;  y2A 

A  /  A  A 


E 


.(27) 
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Figure  6.— -Sketch  for  use  in   deriving  pier 
constants. 


Inducedjthrust  of  pier  = 


H_ 

M" 


H 
'Hi'' 


l 


.(32) 


Thrust  stiffness  of  pier  = 

H—n.  HI*     3EI 

la  "  3EI        I3   ' 


Induced  moment  of  pier  = 
M     HI     , 


.  (33) 


■  (34) 


H~H     ' -" 

Derivation  of  Sign  Conventions 

The  system  adopted  for  indicating  the  signs 
of  the  moments  and  thrusts  is  that  which  seems 


DIRECTION  OF 
ROTATION 


NO  ROTATION 
ABOUT  JOINT 


i±i|4 


THRUSTS  INDUCED  BY. 
BALANCING  MOMENTS 


(a) 


(b) 


Figure  7. — Sketches  for  use  in  deriving  sign  convention. 


tobe  preferred  by  most  designers.  Moments 
tending  to  cause  rotation  about  the  joint  in  a 
clockwise  direction  are  given  a  plus  sign; 
moments  which  tend  to  cause  rotation  about 
the  joint  in  a  counter-clockwise  direction  are 
given  a  minus  sign.  Thrusts  to  the  right  are 
given  a  plus  sign,  and  thrusts  to  the  left  are 
given  a  minus  sign. 

In  figure  7  (a),  joint  B  is  locked  and  a  load, 
P,  is  imposed  on  the  arch.  A  moment  is 
induced  at  B,  and  a  thrust  at  A.  The 
moment  tends  to  rotate  the  joint  in  a  counter- 
clockwise direction  and  is  given  a  minus  sign. 
The  thrust  is  to  the  right  and  is  given  a  plus 
sign. 

Figure  7  (b)  illustrates  the  action  during  the 
first  moment  distribution  cycle.  When  fixity 
at  B  is  removed,  rotation  about  the  joint  is 
toward  the  imposed  load;  and  the  unbalanced 
fixed-end  moment  at  B  is  stabilized  by  induced 
balancing  moments  in  all  of  the  members  form- 


ing the  joint.  These  balancing  moments  are 
proportional  to  the  moment  stiffnesses  of  the 
members,  their  sum  exactly  equals  the  fixed- 
end  moment,  and  they  all  oppose  the  counter- 
clockwise rotation,  thereby  stabilizing  the 
joint.     They  are  accordingly  given  a  plus  sign. 

The  balancing  moments  induce  thrusts  as 
shown  in  figure  7  (b).  Note  that  the  fixed-end 
thrust  has  not  been  considered  in  the  discus- 
sion, and  that  the  thrusts  shown  in  figure 
7  (b)  are  entirely  induced  by  the  balancing 
moments. 

These  considerations  lead  to  the  establish- 
ment of  the  following  rules  of  signs: 

Arch  ribs:  Induced  thrusts  have  the  same 
sign  as  balancing  moments.  Induced  mo- 
ments have  the  same  sign  as  balancing  thrusts. 

Pier:  Induced  thrusts  have  a  sign  opposite 
to  that  of  balancing  moments.  Induced  mo- 
ments have  a  sign  opposite  to  that  of  balancing 
thrusts. 


SAMPLE  ANALYSIS— I 

Two-span    arched    frame   with    elastic    pier,    unsymmetrical 
both   horizontally  and  vertically,   and   with   hinged   footings. 


Application  of  Method 

Evaluation  of  the  design  constants  for  arch 
ribs  and  pier  of  a  two-span  arched  frame  with 
elastic  pier,  unsymmetrical  both  horizontally 
and  vertically,  and  with  hinged  footings,  is 
illustrated  in  the  sample  analysis  that  follows. 


Component  terms  in  the  expressions  derived 
in  the  preceding  section  are  entered  in  tabula- 
tion forms  and  are  evaluated  individually,  and 
are  then  recombined  to  obtain  the  required 
final  values.  For  greater  clarity  and  speed, 
many  component  terms  are  referred  to  on  the 
tabulation  forms  by  column  number. 


Except  in  unusual  cases  the  entire  structure 
will  be  composed  of  the  same  structural  ma- 
terial. The  modulus  of  elasticity,  E,  may 
therefore  be  omitted  in  evaluating  the  stiffness 
constants,  since  only  the  relative  stiffnesses  are 
required. 

(Text  continued  on  page  72.) 


Span  1 


Span   2 


Figure  8. — Working  drawing  of  hinged,  unsymmetrical  two-span  arched  frame  with  clastic  pier. 
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Table  1  (a). — Fixed-end  moments,  fixed-end  thrusts,  and  joint  constants,  span  1 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Point. 
or  a 

t 

(col.  2)  3 

ds 

X 

V 

col.  4 
coi.  3 

col.  5 

X 
col.  7 

col.  6 

X 
col.  7 

col.  5 

X 
col.  8 

col.  6 

X 
col.  9 

col.  5 

X 
col.  9 

B 

2    col.  8 
a+1 

B 

2    col.  9 

0+1 

B 

2  col.  13 
a 

B 

2  col.  14 
a 

Hi 

2.40 

14.887 

4.87 

0 

2.43 

ii.  327 

0 

0.80 

0 

2.6 

0 

0 

0 

0 

0 

0  3 

2.  7N 

21.485 

4.  S7 

0 

7.30 

227 

0 

1.66 

0 

12.1 

0 

0 

0 

0 

0 

0j 

3.17 

31.855 

4.87 

0 

12.17 

.  153 

ii 

1.86 

0 

22.6 

0 

0 

0 

0 

0 

ll  < 

3.45 

41.064 

4.87 

0 

17.04 

.119 

0 

2.03 

0 

34.6 

0 

0 

0 

0 

0 

1 

3.33 

36.  926 

4.92 

2.41 

19.92 

.  133 

.32 

2.05 

.8 

52.8 

6.4 

130.  42 

119.55 

650.  01 

520.  24 

2 

17.174 

.!  88 

7.23 

20.  58 

.284 

2.05 

5.84 

14.8 

120.2 

42.2 

128  37 

113.71 

519.  59 

400.09 

3 

2.04 

4.  So 

12.05 

21.08 

.  571 

6.88 

12.04 

82.9 

253.8 

145.1 

121    19 

101.07 

391.22 

2>r,.  98 

4 

1.70 

4.913 

4.81 

16.87 

21 .  42 

.979 

16.52 

20.97 

278.7 

449.2 

353.8 

104.  97 

80.70 

209.  73 

185.31 

5 

1.60 

4.  ()'.«, 

4.  81 

21 .  69 

21.60 

1 .  1  74 

25.  4G 

25.  36 

552.2 

547.8 

550.1 

79.51 

55.  34 

164.  76 

104. 61 

G 

1.60 

4.086 

4.81 

26.  51 

21.64 

1.174 

31.12 

25.36 

825.0 

548.8 

672.3 

18  39 

29.98 

85.25 

49.27 

7 

1.83 

6.  12S 

4.81 

31.33 

21.58 

.  7S5 

24.59 

16.94 

770.  4 

365.6 

530.7 

23.80 

13.04 

36.86 

19.29 

8 

2.33 

12.6-19 

4.85 

36.  15 

21 .  33 

.  383 

13.85 

8.17 

500.7 

174.3 

295.3 

9.95 

4.87 

13.06 

6.25 

9 

3.08 

4.8S 

40.  97 

20.92 

.107 

6.84 

3.49 

280.2 

73.0 

143.0 

3.  1 1 

1.38 

3.11 

1.38 

10 

4.17 

72.512 

4.92 

45.79 

20.35 

.068 

3.11 

1.38 

142.4 

28.1 

63.2 

0 

0 

0 

0 

V  = 

3,  448 

2,  686 

2,  802 

1 

17 

18 

19 

20 

21 

22 

23 

24 
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26 

27 

Point 

or  a 

2  col.  12 

1,000 
Xcol.  15 

2  col.  10 

1,000 
Xcol.  16 

2  col.  11 

1.000 
Xcol.  15 

2  col.  12 

1,000 
Xcol.  16 

(col.  17- 

col.  18) 

X<£r 

(col.  19- 

col.  20) 

Xdx 

H= 

col.  21 

V= 

col.  22 

(col.  24 

xn- 

(col.  23 
XA) 

l- 
col.  5 

Afs  = 

Col.  25- 

col.  26 

0i 

0 

0 

0 

0 

0 

0 

0 

0 
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0 

02 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

Oj 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Oi 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1.821.3 

1,793.8 

1,745.9 

1,457.7 

132.5 

1, 389. 1 

.094 

.985 

45.59 

45.  79 

-.20 

2 

1.455.9 

1,381.6 

1,395.6 

1.122.7 

358.1 

1,315.4 

.254 

.933 

39.80 

40.97 

-1.11 

3 

1,090.2 

989.5 

1,051.8 

804.  1 

514.3 

1,189.1 

.  365 

.843 

33.29 

36.15 

-2.  S6 

4 

755.8 

638.9 

724.5 

519.2 

563.  5 

989.5 

.400 

.702 

25.80 

31.33 

-5.  53 

5 

461.7 

360.7 

442.5 

293.1 

486.8 

720. 1 

.345 

.511 

17.70 

26.  51 

-8.81 

6 

238.  9 

169.9 

229.0 

138.1 

332.6 

438.  1 

.236 

.311 

10.25 

21.69 

-11.44 

7 

103.3 

66.5 

99.0 

54.1 

177.4 

216.4 

.126 

.153 

4.84 

16.87 

-12.03 

8 

36.6 

21.6 

35.1 

17.5 

72.3 

84.8 

.051 

.060 

1.82 

12.  05 

-10.23 

9 

8.7 

4.8 

8.4 

3.9 

18.8 

21.7 

.013 

.015 

.46 

7.23 

-0.77 

10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.41 

-2.41 

A  (arch  rib)  =  20.1  ft.  1  (arch  rib)  =  48.2  ft.  d.r=4.82  ft. 


2  col.  10  2  col.  ll-(2col.  12)2 

C=- — — —  =  1,410 

1,000 


Moment  stiffness  of  arch  rib= 


i  /<2col.  11    ft2col-12\        /ft  2  col-  10    /_2coK_12\ 
\      1,000  1.000      /         \      1,000  1,000      / 


12  C 


=  0.130 


(I  2  col.  12    ft  2  col.  10\     ,  , 

Induced  thrust  of  arch  rib  =  I I -f- (moment  stiffnessX12  C)=0. 

\      1,000  1,000      / 


030 


2  col.  10 

Thrust  stiffness  of  arch  rib= -H12  C=0.00020 

1,000 


/    2  col.  12       2  col.  ]0\     2  col.  10 

Induced  moment  of  arch  rib=(   ( ft J-j =  19.1 

\        1,000  1,000    /        1,000 


ETleX 


rirp  =  - 


2  col,  lo 

1,000 


ETleX 


12  C 


W=- 


2  col.  12 
1,000 


12  C 
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Table  1  (b). — Fixed-end  moments,  fixed-end  thrusts,  and  joint  constants,  span  2 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Point 
or  a 

1 

(OOl.  2)  3 

da 

X 

11 

col.  4 
col.  3 

nil    5 

X 
col.  7 

eol.  6 

X 
col.  7 

col.  5 

X 
col.  8 

col.  0 

X 
col.  9 

col.  5 

X 
col.  9 

H 

S  col.  8 

a+l 

B 

2  col.  9 
a+l 

B 

2  col.  13 
a 

s 
2  col.  14 
a 

Oi 

2.09 

9.129 

6.00 

0 

3.00 

0.  057 

0 

1.97 

0 

5.9 

0 

0 

0 

0 

0 

02 

2.27 

11. 697 

6.00 

0 

9.00 

.513 

0 

4.62 

0 

41.0 

0 

0 

0 

0 

0 

03 

2.45 

14.  700 

6.00 

0 

15.  00 

.  408 

0 

6. 12 

0 

91.8 

0 

0 

0 

0 

0 

04 

2.03 

18. 191 

6.00 

0 

21.00 

.330 

0 

0.  93 

0 

145.5 

0 

0 

0 

0 

0 

1' 

2.50 

15.025 

3.33 

1.00 

24.  5 1 

.  213 

,34 

5.  23 

.5 

128.  3 

8.4 

80.  93 

159.  53 

405. 93 

045.  28 

2' 

1.96 

7.530 

3.27 

t.  80 

25.  10 

.434 

2,  us 

11.02 

10.0 

279.9 

52.9 

81.  85 

148.  51 

319.00 

185.  75 

3' 

1.62 

4.252 

3.25 

8.00 

20.  04 

.  764 

0.  1  1 

19.89 

48.9 

517.9 

159. 1 

7S.  74 

118.62 

234. 15 

337.  24 

4' 

1.42 

3.23 

1 1.  20 

26.60 

1.  128 

12.03 

30.00 

141.5 

798.0 

330.  0 

66.  11 

98.62 

155.41 

208. 62 

5' 

1.35 

2.460 

3.21 

14.40 

20.  88 

1.305 

IS.  70 

:;;,.  ns 

2711.0 

943.  0 

505.  2 

47. 32 

03.  54 

80.  30 

110.00 

6' 

1.37 

2.571 

3.20 

17.60 

20.  94 

1.245 

21.01 

33.  54 

385  6 

903.  6 

590.  3 

25.41 

30.00 

41.98 

46.46 

7' 

1.67 

4.  657 

3.22 

20.80 

20. 83 

.001 

14.37 

18.54 

298. 9 

497.4 

385.  0 

11.04 

11.46 

10.  57 

10.  46 

3' 

2.25 

11.391" 

3.24 

24.00 

26.  62 

.  2*4 

6.82 

7.56 

163.7 

201.2 

181.4 

9.22 

3.90 

5.53 

5.00 

9' 

3.12 

30.371 

3.26 

27.20 

26.  18 

.107 

2.91 

2.80 

79.2 

73.3 

76.2 

1.31 

1.10 

1.31 

1.10 

10' 

4.25 

70.  765 

3.29 

30.40 

25.  00 

.  043 

1.31 

1.10 

30.  S 

28.2 

33.4 

0 

0 

0 

0 

v 

1,  430 

4,656 

2,329 

1 

17 

1« 

19 

20 

21 

22 

23 

11= 

col.  21 
+  C 

24 

25 

26 

27 

Point 
or  a 

2  col.  12 

1,000 
Xcol.  15 

2  col.  10 

1,000 
Xcol.  10 

2  col.  11 
1,000 

Xcol.  15 

2  col.  12 

(col.  17- 

COl.  IS) 

Xdx 

(ool.  19- 

col.  20) 

Xdx 

V= 
COl.  22 

fo.ol.  21 

X«- 

(col.  23 

X/i) 

1- 
col .  5 

Mb'  = 

col.  26- 
col.  25 

1,000 
Xcol.  16 

0i 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0 

02 
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0 
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0 
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0 

0 

0 

0 

0 

0s 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

Oi 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

1' 

945.2 

928.4 

1, 889. 8 

1,  502.  5 

53.8 

1,  639. 3 

.042 

.971 

30.01 

30.40 

+  .39 

2' 

742.8 

698.8 

1, 485. 1 

1,132.8 

140.8 

1, 132.  8 

.110 

.888 

25.  04 

27.20 

+  1.56 

3' 

545.  2 

485.2 

1,  090. 1 

7S5.  3 

192.0 

975.  4 

.  150 

.  704 

20.  65 

24.00 

+3.35 

4' 

301.  9 

300.1 

723.  5 

485.  s 

107.  8 

760.6 

.  155 

.  596 

15.15 

20.80 

+5.05 

5' 

207.9 

158.3 

415.  7 

250.  1 

158.  7 

510.7 

.124 

.400 

9.  66 

17.00 

+7.94 

6' 

97.8 

66.8 

195.4 

108.2 

99.2 

279.0 

.078 

.219 

5.  04 

14.40 

+9.36 

7' 

38.6 

23.7 

77.1 

38.3 

47.7 

124.2 

.037 

.097 

2.10 

11.20 

+9.04 

8' 

12.9 

7.2 

25.7 

11.6 

18.2 

45.1 

.014 

.035 

.77 

8.00 

+7.23 

9' 

3.1 

1.6 

6.1 

2  6 

4.8 

11.2 

.  004 

.  OOP 

.19 

4.80 

+4.61 

10' 

0 

° 

0 

0 

0 

0 

0 

0 

0 

1.00 

+  1.60 

ft  (arch  rib)  =25.3  ft.  /(arch  rib)  =32.0  ft.  di=3.20ft. 


2  col.  10  2  col.  11- (2  col.  12) ; 
1.000 


=  1,276 


Moment  stiffness  of  arch  rib  = 


/?2coi.  u  _  /a. 2 col.  12\      /ft  2 col-  io  _  1 2 col- 12\ 

\      1,000  1,000      /       \       1,000  1.000      / 


12  C 


=0.125 


T    ,       „„_  ,  (I  2  col.  12    ft  2  col.  10  \ 

Induced  thrust  of  arch  nb=(  -= —  — — )-4-(moment  stiffnessX12  0  =  0.020 

\      1,000  1,000      / 


mt  2  col.  10 

Thrust  stiffness  of  arch  rib  =  — --M2  C=0.00009 

1,000 


,    .        J  /     2  col.  12        Tcol.  10\     2ci 

Induced  moment  of  arch  rib=  I    I ft —     )-. 

\        1,000  1,000    /         l,i 


col.  10 


Hr=- 


,      2  col.  10 
ETleX- 

1,000 


ETleX 


12  C 


Vr=- 


000 

2  col-  12 
1,000 


=26.5 


12  C 


Table  2. — Pier  constants 

1  =  22.5  ft.  t  =  2.0it. 

7=^3/12=0.667 


Expression 

Value 

Moment  stiffness =31+1= 

Induced  thrust  =  l-rZ=. 

0.089 
.044 
.00018 
22.5 

Thrust  stiffness=3/-7-i3= 

Induced  moment=Z= _ ... 
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Table  3. — Distribution  of  moment  and  thrust  stiffness 


Table  4. — Distribution  of  induced  moments  and  thrusts 


Member 

Moment  stiffness 

Thrust  stiffness 

Value 

1  Msl  i  ilm- 
tion  factor 

Value 

Distribu- 
tion factor 

Arch  rib,  span  l._  .... 

0. 130 
.125 
.089 

Percent 
38 

36 

26 

0. 00020 
.00009 
.00018 

Percent 
43 

19 

38 

Arch  rib,  span  2 

Pier 

Total 

0.344 

100 

0.00047 

100 

Member 

Induced  moment 

Induced  thrust    . 

Arch  rib,  span  1 

Arch  rib,  span  2. 

Pier..     .  ...  _  ._ 

19.1  X  distributed  thrusts 

0.030  X  distributed  moments. 
0.020  X  distributed  moments. 
0.044  X  distributed  moments. 

26.5  X  distributed  thrusts 

22.5  X  distributed  thrusts 

The  structure  (fig.  8)  used  for  the  sample 
analysis  is  unsymmetrical  both  horizontally 
and  vertically.  It  has  been  chosen  to  empha- 
size the  important  advantage  possessed  by  this 
method,  in  common  with  ordinary  moment 
distribution,  of  being  applicable  to  unsymmet- 
rical as  well  as  symmetrical  structures  with 
almost  equal  facility.  In  structures  of  this 
type  the  three  frame  footings  are  frequently  at 
different  elevations  due  to  differences  in  the 
elevation  of  satisfactory  foundation  material. 
Horizontal  dissymmetry  has  been  less  common 
in  the  past,  but  may  be  expected  to  occur 
more  frequently  in  the  construction  of  modern 
highways  and  interchanges,  requiring  numer- 
ous structures  which  must  fit  the  alinements 
and  clearances  otherwise  determined. 

The  sequence  of  the  various  steps  in  the 
sample  analysis  follows  that  used  in  the  de- 
velopment of  the  method.  The  procedure  as 
applied  to  an  actual  analysis  is  as  follows: 

1 .  A  working  drawing  of  the  frames  is  made, 
and  required  basic  data  are  scaled  and  entered 
in  the  tabulation  forms. 

2.  The  tabulation  forms  are  then  completed 
by  the  calculations  indicated  in  the  column 
headings,  and  the  expressions  below  the  tables 
are  computed. 

3.  Moment  and  thrust  distribution  factors 
are  computed. 

4.  A  unit  moment  and  a  unit  thrust  are 
distributed  individually  at  each  side  of  the 
joint  (at  one  side  only  if  the  structure  is  sym- 
metrical). 

5.  Final  distributed  moments  and  thrusts 
are  obtained  by  simple  proportion  to  the  unit 
distributed  moments  and  thrusts. 

1. — Construction     and      measurement     of 
working  drawing 

The  structural  frames  are  laid  out  to  a  con- 
venient scale,  as  shown  in  figure  8.  Sufficient 
accuracy  usually  may  be  obtained  with  a  scale 
of  one-fourth  or  one-half  inch  equals  one  foot. 
The  neutral  axis  lines  of  the  arch  ribs  are 
drawn  midway  between  the  face  surfaces. 
The  neutral  axis  lines  of  the  frame  legs  are 
drawn  as  perpendicular  lines  bisecting  the 
bases  of  the  legs  at  the  footing  tops.  This 
involves  a  slight  inaccuracy,  but  eliminates 
unwarranted  refinement.  The  design  spans 
between  the  neutral  axis  lines  of  the  piers  and 
frame  legs  are  each  divided  into  10  equal 
horizontal  parts  which  are  projected  vertically 
onto  the  neutral  axis  lines  of  the  arch  ribs, 
making  10  ds  divisions. 

The  centers  of  gravity  of  the  ds  divisions  are 
for  convenience  assumed  to  be  at  their  mid- 
points in  horizontal  projection.  These  centers 
of  gravity  are  numbered  1  through  10  for  span 


1  (the  left,  arch)  and  1'  through  10'  for  span  2 
(the  right  arch).  Four  longitudinal  divisions 
are  made  of  the  frame  leg  neutral  axis  lines, 
and  the  midpoints  of  these  ds  divisions  are 
located  and  designated  Ot  through  O*.  The 
lengths  of  the  ds  divisions  are  scaled  and  are 
entered  in  column  4  of  the  tabulation  forms, 
tables  1  (a)  and  1  (b),  opposite  the  proper 
points.  In  the  analysis,  a  load  of  unity  is 
placed  successively  at  each  numbered  point 
on  the  arch  ribs. 

Values  of  I,  x,  and  y  at  each  load  point  are 
obtained  by  scaling,  and  are  recorded  in  col- 
umns 2,  5,  and  6  on  the  tabulation  forms. 
The  required  x  and  y  values  are,  respectively, 
the  horizontal  distance  from  the  neutral  axis 
line  of  the  frame  leg  and  the  vertical  distances 
from  a  level  line  through  the  hinge,  to  the 
numbered  load  points.  The  t  values  are  the 
thicknesses  of  the  various  sections,  measured 
radially  through  each  load  point.  The  re- 
maining data  for  the  analysis  are  derived  in  the 
tabulation  from  these  basic  measurements. 

2. — Completion  of  tabulation  forms 

Moments  of  inertia  of  the  sections  are  com- 
puted in  column  3  as  t3  instead  of  the  true 
value,  <3h-12,  in  order  to  avoid  large  figures 
in  the  subsequent  columns.  It  is  necessary, 
however,  to  reinsert  the  factor  12  in  some  of  the 
final  expressions  in  order  to  make  them  appli- 
cable to  a  section  1  foot  wide  instead  of  12 
feet  wide,  and  this  is  done  in  the  stiffness  and 
thrust  expressions  and  also  in  the  expressions 
for  Ht  and  Vt,  which  appear  below  the  tabu- 
lations in  tables  1   (a)  and  1  (b). 

Entries  for  columns  7  to  12,  inclusive,  are 
computed  as  indicated  by  the  column^  heads. 
Note  that  totals  are  recorded  for  columns  10, 
11,  and  12. 

The  method  of  computing  entries  for 
columns  13  to  16,  inclusive,  involves  the 
summation  process,  and  an  explanation  of  this 
procedure  may  be  helpful.  Assume  that  it  is 
desired  to  solve  for  H  and  MB  due  to  a  load 
of  unity  at  point  1.  Point  1  is  therefore 
taken  as  a.  The  entry  for  column  13  is  to  be 
the  summation  from  a+1  to  B  of  xA,  which 
is  the  sum  of  the  xA  values  in  column  8  from 
point  2  to  point  10,  inclusive.  The  entry  for 
column  14  is  similarly  computed  except  that 
yA  values,  in  column  9,  are  used  for  summation. 

The  entry  in  column  15  is  to  be  the  sum- 
mation from  a  to  B  of  column  13,  and  for 
point  1  this  is  the  sum  of  the  values  in  column 
13  from  point  1  to  point  10,  inclusive.  The 
entry  for  column  16  is  similarly  computed 
except  that  values  in  column  14  are  used  for 
summation. 


If  H  and  MB  were  desired  only  for  a  load 
of  unity  at  point  1,  it  would  simply  be  neces- 
sary to  complete  the  operations  indicated  in 
columns  17  to  27,  inclusive,  along  the  line 
opposite  point  1.  In  the  sample  analysis  H 
and  Mg  are  computed  for  10  positions  of  the 
unit  load  on  each  arch,  and  the  tabulations 
are  completed  in  full. 

In  several  of  the  columns  of  the  tabulation 
forms,  tables  1  (a)  and  1  (b),  and  in  the  ex- 
pressions below  them,  division  by  1,000  is 
indicated.  This  is  merely  a  device  to  avoid 
large  figures,  not  a  function  of  the  basic 
formulas. 

The  constant  C,  which  appears  below  the 
tabulation  forms,  is  a  term  that  is  derived 
from  the  totals  of  columns  10,  11,  and  12.  It 
is  evaluated  independently  for  convenience  in 
use  in  the  computation  of  entries  for  columns 
23  and  24  and  for  the  expressions  which  appear 
below  the  form. 

The  computation  of  the  pier  constants  is 
illustrated  in  table  2  (bottom  of  page  71). 

3. — Computation  of  moment  and  thrust  dis- 
tribution factors 

The  values  derived  in  the  expressions  below 
the  tabulation  forms  in  tables  1  (a)  and  1  (b) , 
and  in  table  2,  are  used  in  obtaining  relative 
values  of  moment  and  thrust  stiffness,  and 
values  of  induced  moments  and  thrusts. 

The  moment  and  thrust  distribution  factors 
are  evaluated  in  exactly  the  same  manner  as 
in  ordinary  moment  distribution.  This  is 
illustrated  in  table  3.  The  moment  stiffness 
values  for  the  structure  members,  derived  in 
tables  1  (a),  1  (b),  and  2,  are  entered  in  the 
proper  column  and  are  totaled.  Each  value 
is  divided  by  the  total,  yielding  the  distribu- 
tion factor.  The  thrust  stiffness  distribution 
is  handled  in  the  same  manner. 

The  method  of  distributing  the  induced 
moments  and  thrusts  is  shown  in  table  4,  for 
which  the  figures  were  derived  in  tables  1  (a), 
1  (b),  and  2.  The  values  are  constants  by 
which  distributed  moments  and  distributed 
thrusts  are  multiplied,  for  purposes  described 
in  the  next  step  of  the  procedure. 

4. — Distribution   of  a   unit   moment   and   a 
unit  thrust 

Completion  of  the  tabulation  forms,  tables 
1  (a)  and  1  (b),  provides  the  fixed-end  mo- 
ments and  their  correlated  fixed-end  thrusts 
due  to  a  unit  load  at  10  positions  on  each  arch. 
The  juncture  of  the  arch  ribs  and  pier  has 
thus  far  been  considered  completely  fixed,  so 
that  transfer  of  moment  or  thrust  from  one 
member  to  the  others  is  not  permitted.  The 
next  step  consists  of  distributing  each  cor- 
related fixed-end  moment  and  fixed-end  thrust 
so  that  for  each  position  of  the  unit  load 
actual  moments  at  the  joint  and  reactions  at 
all  three  footings  are  obtained. 
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Tables  5-8. — Unit  moment  and  thrust  distributions 

MOMENT  DISTRIBUTION    FACTORS  THRUST  DISTRIBUTION    FACTORS 


SPAN  1       SPAN  2 

Induced  Thrusts 
0.030  X  moment  (arch  rib,  span  1) 
0.020  X  moment  (arch  rib,  span  2) 
0.044  X  moment  (pier) 


SPAN  1       SPAN  2 

Induced  Moments 
19.1  X  thrust  (arch  rib,  span  1) 
26.5  X  thrust  (arch  rib,  span  2) 
22.5  X  thrust  (pier) 


Fixed-end  moment . 
Balancing  moment 

Balancing  moment. 

Balancing  moment . 
Final  moments 


Fixed-end  moment . 
Balancing  moment- 
Balancing  moment  . 
Final  moments 


Fixed-end  moment . 
Balancing  moment. 

Balancing  moment. 

Balancing  moment  - 
Final  moments 


Table  5. — Distribution  of  unit  moment,  span  1 


Induced  thrust—* 
♦—Induced  moment 

Induced  thrust— » 
<— Induced  moment 


Rib 

Pier 

Rib 

-1.000 

0 

0 

+.380 

+.260 

+.360 

-.057 

+.068 

-.027 

+.006 

+.004 

+.006 

-.671 

+.332 

+.339 

Rib 

Pier 

Rib 

0 

+  .011 
-.003 

0 

-.011 

-.003 

0 

+.  007 
-.001 

+.008 

-.014 

+.006 

Table  6. — Distribution  of  unit  thrust,  span  1 


^Induced  moment 
Induced  thrust-> 

<— Induced  moment 
Induced  thrust— > 


Rib 

Pier 

Rib 

0 

0 

0 

-8.  213 

+8.  550 

-5.035 

+  1.  785 

+1.221 

+  1.691 

-.287 

+  .  293 

- .  159 

+.058 

+.040 

+.055 

-6. 657 

+  10.104 

-3. 448 

Rib 

Pier 

Rib 

+1.000 

0 

0 

-.430 

-.380 

-.190 

+.  054 

-.054 

+.  034 

-.015 

-.013 

-.006 

+.002 

-.002 

+.001 

+.611 

-.449 

-.161 

Table  7. — Distribution  of  unit  moment,  span  2 


Induced  thrust— > 
—Induced  Imoment 

Induced  thrust—* 
i—  Induced'  moment 


Rib 

Pier 

Rib 

0 

0 

+1.000 

-.380 

-.260 

-.360 

+  .057 

-.068 

+  .027 

-.006 

-.004 

-.006 

-.329 

-.332 

+.661 

Rib 

Pier 

Rib 

0 

-.011 
+  .003 

0 

+.011 
+.003 

0 

-.007 
+  .001 

-.008 

+.014  1   -.006 

1 

Fixed-end  moment- .  -  - 

Balancing  moment 

Balancing  moment 

Final  moments 


Table  8. — Distribution  of  unit  thrust,  span  2 


*- Induced  moment 
Induced  thrust— > 

<—  Induced  moment 
Induced  thrust-> 


Rib 

Pier 

Rib 

0 

0 

0 

+8. 213 

-8.  550 

+5. 035 

-1.785 

-1.221 

-1. 691 

+.287 

-.293 

+.159 

-.058 

-.040 

-.055 

+6. 657 

-10.104 

+3.  448 

Rib 

Pier 

Rib 

0 

0 

1  iiiiii 

+  .430 

+.380 

+.190 

-.054 

+.054 

-.034 

+  .015 

+.013 

+  .006 

-.002 

+.002 

-.001 

+.389 

+.449 

-.839 

...Fixed-end  thrust 

.  -  -  Balancing  thrust 

-..Balancing  thrust 
Final  thrusts 


..    Fixed-end  thrust 
...Balancing  thrust 

..-Balancing  thrust 

_  - .  Balancing  thrust 
Final  thrusts 


. .  Fixed-end  thrust. 

..Balancing  thrust 

..Balancing  thrust 
Final  thrusts 


-Fixed-end  thrust 
.Balancing  thrust 

.Balancing  thrust 

.Balancing  thrust 
Final  thrusts 


Since  20  positions  of  the  unit  load  on  both 
arches  are  considered,  it  would  appear  that  a 
prohibitive  number  of  distributions  is  re- 
quired. Actually,  only  two  distributions  are 
required  for  symmetrical  structures,  and  four 
if  the  structure  is  unsymmetrical. 

Referring  to  table  5  in  the  sample  analysis, 
it  will  be  noted  that  a  fixed-end  moment  of 
unity  is  applied  to  the  joint  at  the  juncture  of 
the  left  arch  rib.  This  moment  is  distributed 
in  a  manner  similar  to  that  of  ordinary  moment 
distribution,  using  the  moment  distribution 
factors  computed  in  table  3  and  shown  around 
the  joint  in  the  left-hand  sketch  above  table  5. 
The  values  of  the  distributed  moments  are 
shown  in  the  left  tabulation  of  table  5.  This 
shows,  first,  the  unit  moment  of  —1.000 
opposite  the  stub  "fixed-end  moment,"  and, 
immediately  below,  the  distributing  moments 
opposite  the  stub  "balancing  moments." 

Next,  the  first  arrow,  "induced  thrusts,"  is 
followed  to  the  tabulation  at  the  right,  and 
the  thrusts  induced  by  the  balancing  moments 
are  entered.  These  values  are  obtained  by 
multiplying  each  balancing  moment  by  the 
corresponding  induced  thrust  constants,  pre- 
viously computed  in  table  4  and  repeated  for 
convenience  under  the  sketch  above  table  5. 

Next,  these  unbalanced  thrusts  are  balanced 
exactly  as  if  they  were  unbalanced  moments, 
but  using  the  thrust  distribution  factors  com- 
puted in  table  3  and  shown  around  the  joint 
in  the  right-hand  sketch  above  table  5.  Now 
the  second  arrow,  "induced  moments,"  is 
followed  to  the  left,  and  the  new  moments  in- 
duced by  the  balancing  thrusts  are  entered. 
NThese  values  are  obtained  by  multiplying  each 
balancing  thrust  by  the  corresponding  induced 
moment  constants,  previously  computed  in 
table  4  and  repeated  for  convenience  under  the 
sketch  above  table  5. 

This  procedure  is  repeated  until  the  con- 
verging values  become  so  small  that  further 
refinement  is  unnecessary.  As  shown  in  the 
actual  example,  convergence  occurs  rapidly. 

In  table  6  a  fixed-end  thrust  of  unity  is  dis- 
tributed in  the  same  manner  as  described  above 
for  a  unit  moment,  and  final  values  of  mo- 
ments and  thrusts  are  obtained. 

The  significance  of  these  procedures  may  be 
summarized  as  follows: 

(a)  A  load  is  placed  on  one  of  the  frames  but 
the  joint  at  the  middle  is  fixed,  so  that  the 
moment  at  the  joint  and  the  outward  "kick," 
or  thrust,  are  so-called  "fixed-end"  values. 

(6)  Considering  the  fixed-end  moment  and 
fixed-end  thrust  independently  of  each  other, 
the  fixity  at  the  joint  is  first  released,  and  then 
final  values  of  moment  and  thrust  due  only  to 
the  fixed-end  moment  are  computed.  Compu- 
tation is  similarly  made  of  final  values  qf 
moment  and  thrust  due  only  to  the  fixed-end 
thrust. 

(c)  Individual  values  are  now  added  alge- 
braically to  obtain  final  values  due  to  the  load 
that  caused  the  fixed-end  moment  and  fixed- 
end  thrust. 

The  structure  analyzed  in  the  example  is 
unsymmetrical,  and  the  process  is  therefore  re- 
peated for  the  right  arch  in  tables  7  and  8 
It  is  important  to  note,  however,  that  all  the 
distributed  values  in  the  distribution  for  the 
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right  arch  arc  identical  with  those  for  the  left 
arch,  with  signs  changed.  This  fact  saves  con- 
siderable time  in  the  second  procedure. 

5. — Evaluation  of  final  distributed  moments 
and  thrusts 

The  manner  of  obtaining  final  distributed 
moments  and  thrusts  for  span  1  is  illustrated 
in  tables  9  (a),  9  (b),  and  9  (c)  of  the  sample 
analysis.  In  table  9  (a)  are  recorded  the 
values  of  Mb,  Mb-,  Hi,  H2,  and  H3  due  to  a 
distributed  fixed-end  moment  of  unity;  and 


similar  values  due  to  a  distributed  fixed-end 
thrust  of  unity  are  recorded  in  table  9  (b). 
These  values  are,  of  course,  obtained  from 
tables  5  and  6. 

In  the  second  column  of  table  9  (c)  the  fixed- 
end  moments  at  each  load  point  are  recorded 
as  obtained  in  column  27  of  table  1  (a).  In 
the  third  column  the  fixed-end  thrusts  at  each 
load  point  are  recorded  as  obtained  in  column 
23  of  table  1  (a) . 

Each  of  the  values  in  table  9  (a)  is  then 
multiplied  by  the  actual  fixed-end  moment  for 


each  load  point  and  the  results  recorded. 
Similarly,  each  of  the  values  in  table  9  (b)  is 
multiplied  by  the  actual  fixed-end  thrust  for 
each  load  point.  The  sums  of  the  correspond- 
ing pairs  of  values  obtained  by  these  two  series 
of  multiplications  are  then  recorded,  and  are 
the  final  distributed  values  of  moment  and 
thrust  for  a  load  of  unity  at  each  load  point. 
The  final  distributed  moments  and  thrusts 
for  span  2  are  obtained  in  the  same  manner,  as 
illustrated  in  tables  10  (a),  10  (b),  and  10  (c) 
of  the  sample  analysis. 


Table  9  (a) 

Fixed-end  moment  =—1.000 

Mb 

Mb- 

H, 

Ih 

Hi 

-0.  671 

+0. 339 

+0. 008 

-0.014 

+0. 006 

Table  9. —  Tabulation  of  final  moments  and  thrusts,  span  1 


Mg    Mg- 


Table  9  (b) 


Fixed-end  thrast  =+ 1.000 

Mb 

Mb- 

H, 

m 

Hi 

-6.657 

-3. 448 

+0.  611 

-0  449 

-0. 161 

Table  9  (c) 


Unit 
load  at 
point — 

Fixed- 
end 
moment 

Fixed- 
end 
thrust 

M  and  H  due  to  fixed-end  moment 

M  and  H  due  to  fixed-end  thrust 

Final  values  of  M  and  II 

Mb 

Mb- 

Hi 

h2 

Hi 

Mb 

Mb- 

H, 

Ht 

H% 

Mb 

Mb' 

H, 

H2 

Hi 

1 

-0.20 

+0. 094 

-0.13 

+0.07 

+0.  002 

-0.003 

+0.  001 

-0.62 

-0.32 

+0. 058 

-0.042 

-0.  015 

-0.75 

-0.25 

+0. 060 

-0. 045 

-0.014 

2 

-1.11 

+.254 

-.72 

+.38 

+  .010 

-.017 

+  .007 

-1.68 

-.87 

+.156 

-.115 

-.041 

-2.40 

-.49 

+.166 

-.132 

-.037 

3 

-2.86 

+.  365 

-1.80 

+.97 

+.026 

-.043 

+.017 

-2.41 

-1.25 

+.224 

-.165 

-.058 

-4.27 

-.28 

+.250 

-.208 

-.041 

4 

-5.53 

+  .  400 

-3.  59 

+  1.88 

+.  050 

-.083 

+.033 

-2.65 

-1.37 

+.245 

-.181 

-.064 

-6.24 

+.51 

+.295 

-.264 

-.031 

5 

-8.81 

+  .  345 

-5.  73 

+3.00 

+.079 

-.132 

+.  053 

-2.28 

-1.19 

+.211 

-.156 

-.055 

-8.01 

+  1.81 

+.290 

-.288 

-.002 

6 

-11.44 

+.236 

-7.44 

+3.89 

+  .102 

-.172 

+.069 

-1.56 

-.81 

+.145 

-.107 

-.038 

-9.00 

+3.08 

+.247 

-.279 

+  .031 

7 

-12.03 

+.126 

-7.82 

+4.09 

+.108 

-.180 

+.072 

-.83 

-.  43 

+.077 

-.057 

-.020 

-8.65 

+3.66 

+.185 

-.237 

+.052 

8 

-10.23 

+  .051 

-0.65 

+3.48 

+.092 

-.153 

+.061 

-.34 

-.18 

+.031 

-.023 

-.008 

-6.99 

+3.30 

+  .123 

-.176 

+.053 

9 

-6.77 

+  .013 

-4.40 

+2.30 

+  .061 

-.  102 

+.041 

-.09 

-.04 

+.008 

-.  006 

-.002 

-4.49 

+2.26 

+.069 

-.108 

+.039 

10 

-2.41 

0 

-1.57 

+  .82 

+.022 

-.036 

+.014 

0 

0 

0 

0 

0 

-1.57 

+  .82 

+.022 

-.036 

+.014 

Table  10. — Tabulation  of  final  moments  and  thrusts,  span  2 


Table  10  (a) 

Fixed-end  moment  =+1.000 

Mb 

Mb- 

Hi 

Hi 

Hi 

-0. 329 

+0.  661 

-0. 008 

+0.014 

-0. 006 

Table  10  (b) 

Fixed-end  thrust  =-1.000 

Mb 

Mb- 

Hi 

Hi 

Hi 

+6.  657 

+3. 448 

+0. 389 

+0. 449 

-0.839 

Table  10  (e) 


Unit 
load  at 
point— 

Fixed- 
end 
moment 

Fixed- 
end 
thrust 

M  and  H  due  to  fixed-end  moment 

M  and  H  due  to  fixed-end  thrust 

Final  values  of  M  and  H 

Mb 

Mb- 

H, 

Hi 

Hi 

Mb 

Mb- 

H, 

Hi 

Hi 

Mb 

Mb- 

H, 

Hi 

Hi 

10' 

+  1.60 

0 

-0.56 

+  1.06 

-0. 014 

+0. 024 

-0. 010 

0 

0 

0 

0 

0 

-0.56 

+1.06 

-0.014 

+0.  024 

-0. 010 

9' 

+4.61 

-.004 

-1.61 

+3.04 

-.041 

+.069 

-.028 

+.026 

+.014 

+.002 

+.002 

-.003 

-1.58 

+3.05 

-.039 

+.071 

-.031 

8' 

+7.23 

-.014 

-2.53 

+4.77 

-.065 

+.108 

-.043 

+.093 

+.048 

+.005 

+.006 

-.012 

-2.44 

+4.82 

-.060 

+  .114 

-.055 

7' 

+9.04 

-.037 

-3.16 

+5.97 

-.081 

+  .136 

-.054 

+.245 

+.  127 

+.014 

+.017 

-.031 

-2.91 

+6.10 

-.067 

+.153 

-.085 

6' 

+9.36 

-.078 

-  3.  28 

+6.18 

-.084 

+.140 

-.056 

+.516 

+.268 

+.030 

+.035 

-.066 

-2.76 

+6.45 

-.054 

+.175 

-.122 

5' 

+7.94 

-.124 

-2.78 

+5.24 

-.071 

+  .119 

-.048 

+.820 

+  .426 

+.048 

+.056 

-.104 

-1.96 

+5.67 

-.023 

+.175 

-.152 

4' 

+5.65 

-.155 

-1.98 

+3.  73 

-.051 

+.085 

-.034 

+  1.025 

+.533 

+.060 

+.070 

-.130 

-0.95 

+4.26 

+.009 

+.155 

-.164 

3' 

+3.35 

-.150 

-1.17 

+2.21 

-.030 

+.050 

-.020 

+.992 

+.515 

+.058 

+.068 

-.126 

-0.18 

+2.73 

+.028 

+.118 

+.146 

2' 

+  1.56 

-.  110 

-.55 

+1.03 

-.014 

+.023 

-.0C9 

+.728 

+.378 

+.043 

+.050 

-.092 

+0.18 

+  1.41 

+.029 

+.073 

-.101 

1' 

+.39 

-.042 

-.14 

+.26 

-.004 

+.006 

-.002 

+.278 

+.144 

+.016 

+.019 

-.035 

+0.14 

+  .40 

+.012 

+  .  025 

-.037 
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Part    II.— ANALYSIS    OF    STRUCTURES    WITH    FIXED    FOOTINGS 


Required  Design  Constants 

The  joint  constants  for  the  condition  of 
fixed  footings  include  all  of  the  design  con- 
stants used  in  the  analysis  for  hinged  footings 
with  identical  definitions  (see  page  66).  To 
this  group  are  added  the  following: 

Induced  moment  at  footing. — The  moment 
induced  at  the  footing  by  a  horizontal  thrust 
at  B  without  vertical  displacement  or  rotation 
at  B. 

Moment  carry-over. — The  ratio  of  moment 
induced  at  the  footing  to  an  applied  moment 
at  B  without  horizontal  or  vertical  displace- 
ment at  B. 

Development  of  Fixed-End  Moment 
and  Fixed-End  Thrust 

From  the  conditions  that  point  A  is  not 
displaced  horizontally,  that  point  A  is  not 
displaced  vertically,  and  that  no  rotation  of 


JT 

P 

Yb 

P 

V 

^-ANY  LOAD  POINT 

i 

i 

- —  a  — » 

} 

f 

h 

H  . 

4^-FIXED 

l 

V 

Figure  9. — Sketch  for  use  in  deriving  fixed- 
end  moments  and  thrusts. 

the  end  tangents  occurs,  as  shown  in  figure  9, 
the  following  elastic  equations  may  be  written: 


y^M-j^r;  (.change  in  angle  between  end  tan- 
A        EI  gents)=0 (85) 


EI 


y*,  Mx^  (vertical  displacement  of  ^4)=0 


(86) 


ds 


~y~\  My  7^7  (horizontal  displacement  of  A)  =0 
A  EI  (37) 


The  moment  at  any  point  between  A  and 
a  =  MA  +  Vx-Hy. 

The  moment  at  any  point  between  a  and  B, 
when  P  is  unity,  =  MA  +  Vx  —  Hy—(x  —  a). 

For  convenience,  the  following  symbols  are 
adopted : 


ds 

7 

B 
J±xA  =  B 

A 

B 
A 

B 
A 

B 

A 

B 

J2y^  =  E 

A 

B 
A 

yA  = 

B 

a 

-a)xA  =  K2 

^l(x-a)A  =  Kl       ^Pl(x-a)yA  =  K3 


E,  being  constant  for  the  entire  structure, 
may  be  eliminated  from  the  basic  equations 
in  evaluating  external  moments  and  reactions 
due  to  flexure. 

Inserting  the  general  expression  for  moment 
in  equations  (35),  {36),  and  {37),  and  using 
the  abbreviated  notation,  the  following 
equations  are  obtained: 

MAA  +  VB-HC-Ki=0 (38) 

MAB  +  VD-HF-K2=0 (39) 

MAC  +  VF-HE-K3  =  0 (40) 


Solving  equations  (38)  and  (89) : 


(41) 


Solving  equations  (39)  and  (40) : 


"(f- 


')-*(¥-*)- 


K2~  +  K3  =  0 


U«) 


Solving  equations   (41)   and   (42)   for  H,  and 
clearing: 


H-- 


(f-»)  (£-»)-(?-')  (f-0 


(43) 


For    further    simplification    the    following 
symbols  are  used: 


C,= 


c2= 


CB 

c,— T- 


C7  = 


-D 


ft-f-F 


D 
B 

AD 


Cs= 


Ch  —  C3C5  —  C(,Ct 


Substituting  these  symbols  in  equation  (43) : 
Ki&Ct-KiCi+KzCs 


H=- 


Ch 


(44) 


Substituting  the  symbols  in  equation  (41): 
HC&  +  KiC2-K2 


v=- 

<-<3 

From  equations  (38)  and  (39) : 

..       Hd  +  KiCj-K, 

MA  = ^ 


(45) 


■  (46) 


The  expressions  for  MA,  H,  and  V  are 
evaluated  by  means  of  the  tabular  computa- 
tion form,  illustrated  in  the  sample  analysis. 
As  in  the  tabular  form  for  hinged  footings,  the 
expressions 


^2  (x-a)A,  X)  (x-a)xA,  and  2_,  (*- 


■a)yA 


are  equated  to  the  expressions 

B       B  B      B  BB 

£  S  Adx>  S  S xAdx' and  2  S  vAdx 

a     a+1  a     a+1  a     a+1 

The  general  procedure  in  adapting  the  various 
expressions  to  a  tabular  computation  form  is 
also  similar  to  that  employed  in  the  analysis 
for  hinged  footings,  and  reference  thereto  will 
be  helpful  in  studying  the  form  as  arranged 
for  fixed  footings. 


Development    of    Arch    Rib    Design 
Constants 

The  arch  rib  design  constants  are  derived 
in  two  steps.  First  the  rib  is  given  a  unit 
rotation  at  B,  and  Hi,  Vi,  MlA,  and  M\b  are 
computed.  No  horizontal  or  vertical  dis- 
placement is  permitted  in  this  step.  Then 
the  rib  is  given  a  unit  horizontal  displacement 
without  vertical  displacement,  and  H2,  V2, 
M2A,  and  M2b  are  computed.  These  values 
of  M,  V,  and  H  are  then  combined  as  required 
to  obtain  all  the  necessary  joint  constants,  as 
well  as  expressions  for  Ht  and  Vt  caused  by 
temperature  change. 

v  In  deriving  the  expressions,  the  system  of 
notation  used  in  obtaining  expressions  for 
fixed-end  moments  and  thrusts  is  adopted. 
Values  obtained  in  the  computation  for  fixed- 
end  moments  and  thrusts  are  used  in  evaluat- 
ing the  expressions  for  the  joint  constants. 
No  additional  basic  computation  is  required. 


Figure  10. 


-Sketch  for  use  in  step  1  deriva- 
tions. 


Step  1. — The  arch  rib  is  given  a  unit  rotation 
at  B  and  no  horizontal  or  vertical  displace- 
ment at  .4  is  permitted,  as  shown  in  figure  10. 
Then: 

MiAA  +  ViB-HiC  =  l (47) 

M^B+VxD-HF^l (>+8) 

M1AC  +  ViF-HlE=h (49) 
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Solving  equations  (47)  and  (48): 

r.(f-B)-H,(^-,)-|-L.(W, 

Solving  equations  (48)  and  (49): 


r,(i*_,)_Hl(«L,). 


l~-h._(51) 


The  coefficients  10,  100,  and  10,000  are 
introduced  in  the  following  equations  to  make 
the  expressions  for  H\  Vi,  and  MlA  applicable 
to  the  computation  form  used  in  the  sample 
analysis,  in  which  actual  values  of  x  and  y  are 
divided  by  10,  reducing  the  numerical  order 
of  the  derived  quantities. 

Solving  equations  (50)  and  (51),  and 
clearing: 

Hl~  -io,oooc„  -{62) 

From  equation  (50): 

v'-~        iooc3  --(5S) 

From  equations  (47)  and  (48) : 

HiilOOCJ  +  lOCr-l 


MiA=- 


10  c8 


-(54) 


From  statics: 

M1B=MU  +  V1l-H1h. 


.(55) 


Step  2. — The  arch  rib  is  given  a  unit  hori- 
zontal displacement,  without  vertical  displace- 
ment, equal  to  the  arch  height,  h,  as  shown 
in  figure  11.     Then: 

M2AC+  VF-HE=h (56) 

M2AB+VD-HF=0 (57) 

M2AA+VB-HC=0 (58) 


Figure  11. — Sketch  for  use  in  step  2  deriva- 
tions. 

Solving  equations  (56)  and  (57): 

v(£-')-"(£-*)~»-  -m 

Solving  equations  (57)  and  (58): 

r(T~'D)~H(<Z?-F)  =  0---(eo) 

Solving  equations  (59)  and  (60),  and  clearing: 
-fc(100C3) 


H, 


From  equation  (60): 


i.ooocv 


F2  = 


c3 


(61) 


-(62) 


Equations  (61)  and  (62)  may  be  used  in  eval- 
uating HT  and  Vt  due  to  temperature  change 
by  substituting  ±  (ETle)  -*-  12  for  h.  The 
factor  12  is  inserted  to  correct  for  the  use  of 
t3  instead  of  I3/ 12  (where  t=  radial  depths  of 
sections  at  load  points)  for  values  of  I  in  the 
computation  form. 

Solving  equations  (57)  and  (58)  for  MiA : 


M2A=^- 


tfo(100C4) 


10C8 
From  statics: 


(68) 


Using  the  values  of  Hu  V,,  M1A,  M2A,  H2,  V2, 
M2A,  and  M2b,  and  inserting  the  factor  12 
where  required  to  correct  for  the  use  of  t3 
instead  of  t3/12  in  the  computation  form,  the 
joint  constants  for  the  arch  ribs  may  be 
expressed  as  follows: 

Moment  stiffness  =  Mi B-r-  12 

Induced  thrust  =  Hi -r-MlB 

Thrust  stiffness  =H2^- 12  h 

Induced  moment  (at  pier  top)  =  M2B-±-H2 

Induced  moment  (at  footing)  =  —M2A-i-H2 

Moment  carry-over  =  —M1A -+-MlB 

Development  of  Elastic  Pier 
Constants 

The  elastic  pier  constants  are  derived  (see 
fig.  12)  by  giving  A  a  unit  rotation  without 
vertical  displacement,  and  evaluating  MA, 
the  moment  stiffness,  and  P/M,  the  induced 
thrust.     P  is  the  force  developed  in  restrain- 


4 


4- 


UNIFORM   THICKNESS   ASSUMED 


■(64) 


Figure  12. — Sketch  for  use  in  deriving  elastic 
pier  constants. 

ing  the  ends  against  displacement.  Moment 
carry-over  is  expressed  by  the  term,  MB/MA. 
Point  A  is  then  given  a  vertical  displace- 
ment, 5=1,  from  which  the  thrust  stiffness, 
P/8,  and  induced  moment,  MA/P,  are  evaluated. 
Performing  these  operations,  the  following 
expressions  for  the  elastic  pier  constants  are 
obtained: 

Moment  stiffness  =  4  I-i-l  (relative) 

Induced  thrust  =  3-^-2Z 

Thrust  stiffness  =12  I-i-P  (relative) 

Induced  moment  =  Z-^-2 

Moment  carry-over  = +0.5 


SAMPLE  ANALYSIS— II 

Two-span  arched   frame  with  elastic  pier,   unsymmetrical 
both   horizontally   and  vertically,   and   with  fixed  footings. 


Application  of  Method 

Evaluation  of  the  design  constants  for  arch 
ribs  and  pier  of  a  two-span  arched  frame  with 
elastic  pier,  unsymmetrical  both  horizontally 
and  vertically,  and  with  fixed  footings,  is 
illustrated  in  the  sample  analysis  that  follows. 
The  structure  is  identical  with  that  analyzed 
in  part  I  (fig.  8),  except  that  the  footings  are 
fixed  instead  of  hinged. 

The  general  procedure  and  sign  convention 
are  closely  similar  to  those  used  in  the  analysis 
of  the  structure  with  hinged  footings.  A 
working  drawing  of  the  frames  is  made  to 
convenient  scale,  from  which  values  of  t,  ds,  x, 


and  y  are  scaled.  These  values  are  entered  in 
tables  11  (a)  and  11  (b),  the  scaled  x  and  y 
dimensions  first  being  divided  by  10. 

The  tables  are  then  completed  by  the  com- 
putations indicated  in  the  column  headings. 
It  will  be  noted  that  columns  7  to  12,  inclusive, 
are  each  totaled  to  obtain  values  of  A,  B,  C, 
D,  E,  and  F,  which  in  turn  are  used  to  obtain 
the  C  "subscript"  series  of  values.  The  latter 
are  used  in  computation  of  entries  in  some  of 
the  table  columns. 

The  C  "subscript"  values  are  also  used  in 
computing  the  moments,  vertical  reactions, 
and  thrusts  for  each  span,  as  shown  in  table 
11  (c).  These  in  turn  are  used  to  derive  arch 
rib  joint  constants  as  illustrated  in  table  11  (d). 


Derivation  of  the  pier  constants  appears  in 
table  12. 

Moment  and  thrust  stiffness  distribution 
factors  are  computed  in  table  13,  and  the 
method  of  distributing  induced  moments 
and  thrusts  and  moment  carry-overs  is  shown 
in  table  14.  Tables  15,  16,  17,  and  18  illus- 
trate the  distribution  of  a  unit  moment  and 
a  unit  thrust  for  each  of  the  two  spans.  The 
evaluation  of  final  distributed  moments  and 
thrusts  is  shown  in  tables  19  and  20. 

Additional  computations  are  provided  in 
tables  21  and  22  for  obtaining  moments 
induced  at  the  footing  by  balancing  thrusts, 
and  moments  carried  over  by  balancing 
moments. 
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Table  11  (a). — Fixed-end  moments  and  fixed-end  thrusts,  span  I 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Point 
or  a 

I 

(COl.  2)  3 

ds 

X 

10 

V 
10 

col.  4 
col.  3 

col.  5 

X 
col.  7 

col.  6 

X 
col.  7 

col.  5 

X 
col.  8 

col.  6 

X 
col.  9 

col.  5 

X 
col.  9 

B 

2  col.  7 

a+1 

B 

2   col.  8 

0+1 

B 

2   col.  9 

a+1 

B 

2  col.  13 

a 

XQ.Ui 

B 

2  col.  14 

a 

XO.laVr 

B 

2  col.  15 

a 

XOAdx 

Oi 

2.46 

14. 887 

4.87 

0 

0.243 

0.327 

0 

0.080 

0 

0.019 

0 

0 

0 

0 

0 

0 

0 

02 

2.78 

21.485 

4.87 

0 

.730 

.227 

0 

.166 

0 

.121 

0 

0 

0 

0 

0 

0 

0 

Oj 

3.17 

31.855 

4.87 

0 

1.  217 

.153 

0 

.186 

0 

.226 

0 

0 

0 

0 

0 

0 

0 

0, 

3.45 

41.  064 

4.87 

0 

1.704 

.119 

0 

.203 

0 

.346 

0 

0 

0 

0 

0 

0 

0 

1 

3.33 

36. 926 

4.92 

.241 

1.992 

.133 

.032 

.265 

.008 

.528 

.004 

5. 585 

13.042 

11.960 

11.697 

31.330 

25. 088 

2 

2.58 

17.  174 

4.88 

.723 

2.058 

.284 

.205 

.584 

.148 

1.202 

.422 

5.301 

12.  837 

11. 376 

9.005 

25. 044 

19. 323 

3 

2.04 

8.490 

4.85 

1.205 

2.108 

.571 

.688 

1.204 

.829 

2.538 

1.451 

4.730 

12.149 

10. 172 

6.450 

18. 857 

13. 840 

4 

1.70 

4.913 

4.81 

1.687 

2.142 

.979 

1.652 

2.097 

2.787 

4.492 

3.538 

3.751 

10. 497 

8.075 

4.170 

13. 001 

8.937 

5 

1.00 

4.096 

4.81 

2.169 

2.160 

1.174 

2.546 

2.536 

5.522 

5.478 

5.501 

2.577 

7.951 

5.539 

2.362 

7.941 

5.045 

6 

1.60 

4.096 

4.81 

2.651 

2.164 

1.174 

3.112 

2.541 

8.  250 

5.499 

6.736 

1.403 

4.839 

2.998 

1.120 

4.109 

2.375 

7 

1.83 

6.128 

4.81 

3.133 

2.158 

.785 

2.459 

1.  694 

7.704 

3.656 

5.307 

.018 

2.380 

1.304 

.444 

1.777 

.930 

8 

2.33 

12.649 

4.85 

3.615 

2.133 

.383 

1.385 

.817 

5.007 

1.743 

2.953 

.235 

.995 

.487 

.146 

.629 

.301 

9 

3.08 

29. 218 

4.88 

4.097 

2.092 

.167 

.684 

.349 

2.802 

.730 

1.430 

.068 

.311 

.138 

.033 

.150 

.067 

10 

4.17 

72.  512 

4.92 

4.579 

2.035 

.068 

.311 

.138 

1.424 

.281 

.032 

0 

0 

0 

0 

0 

0 

y  = 

6.544 
=  /t 

13. 174 
=  B 

12.860 
=  C 

34.  481 
=  D 

26.  859 
=  E 

28. 034 
=  F 

1 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Point 
or  a 

col.  16 

X 
CiCi 

col.  17 
XCe 

col.  18 
XC3 

col.  19 
col.  20 

ccl.  21 

+ 
col.  22 

col.  23 

col.  24 
XCe 

col.  16 
XCi 

col.  25 

+ 
COl.  26 

COl.  17 

col.  27 

COl.  24 
XG 

col.  10 
XCi 

col.  29 

+ 
col.  30 

col.  17 

Ma  = 

col.  31 

0.1  C8 

(col.  28 

xn- 

(col.  29 
Xh) 

1- 
(10X 

COl.  5) 

Mb= 
-col.  32 
+col.  33 
-col.  34 

0, 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

02 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

03 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

04 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

137. 487 

-73.344 

-209. 761 

210.  831 

1.070 

.137 

-.  321 

+23.371 

-8. 280 

.990 

.806 

30.  845 

+.  321 

-.77 

+44. 96 

+45.  79 

-.00 

2 

105. 845 

-58.  628 

-161.560 

li. 1    173 

2.913 

.374 

-.876 

+17.992 

-7.  928 

.948 

2.200 

23.  746 

+.S02 

-2.  10 

+38. 18 

+40. 97 

-.63 

3 

75. 813 

-44. 144 

-115.716 

119. 957 

4.241 

.545 

-1.276 

+12. 887 

-7.246 

.867 

3.206 

17.  009 

+1.358 

-3.24 

+30.  S4 

+36. 15 

-2.07 

4 

49. 014 

-30. 435 

-74.722 

79.  449 

4.727 

.607 

-1.421 

+8. 332 

-6.  0117 

.728 

3.571 

10. 996 

+1.  568 

-3.75 

+22. 89 

+31.33 

-4.65 

5 

27.  763 

-18.  590 

-42.  181 

46. 353 

4.172 

.536 

-1.255 

+4.719 

-4.477 

.535 

3.153 

6.229 

+  1.441 

-3.44 

+15. 02 

+20.  51 

-8.06 

6 

13. 164 

-9.619 

-19.857 

22.783 

2.926 

.376 

-.880 

+2.  238 

-2.  751 

.329 

2.212 

2.953 

+1.056 

+8.30 

+21.09 

-10.87 

7 

5.219 

-4. 160 

-7.  776 

9.379 

1.603 

.206 

-.482 

+  .887 

-1.372 

.164 

1.212 

1.  171 

+.608 

-1.45 

+3.70 

+  10.87 

-11.66 

8 

1.716 

-1.472 

-2.517 

3.188 

.671 

.086 

-.201 

+.292 

-.538 

.004 

.  500 

.385 

+.262 

-.03 

+  1.30 

+  12.05 

-10.06 

9 

.388 

-.351 

-.560 

.739 

.179 

.023 

-.054 

+.066 

-.138 

.017 

.135 

.087 

+.072 

-.17 

+.30 

+7.  23 

-6.  70 

10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+2.41 

-2.41 

i  =  48.2  ft. 


<?!=— =+0.984 
B 

C2=— =4-1.998 
A 


Bz 
C3=- C  =  -8.361 


DC 

C4= F=+  5.883 

B 

FC 

C5= £  =  +0.716 

B 


A=20.1  «.  tf.r=4.82  ft. 

CB     „ 
C6= -F  =  — 2.341 


C7=— =+2.637 
B 

„      AD     „ 

Cs= B=+4.185 


C2C4=+ 11. 754 
Ctf=C3C5-C6C4  =  +7.78 
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Table  11  (1>). — Fixed-end  moments  and  fixed-end  thrusts,  span  2 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Point 
or  a 

t 

(col.  2)a 

ds 

X 

To 

V 
10 

COl.  4^ 
col.  3 

col.  7 

col.  6  < 

col.  7 

col.  5X 

col.  S 

col.  6X 
col.  9 

COl.  5X 
col.  9 

B 

2  col.  7 
a+1 

B 

2   col.  8 
«+l 

B 

2    col.  9 

a  +  1 

B 

2  col.  13 
n 
XO.ldx 

B 

2  col.  14 

a 

XO.ldx 

1>, 

2  COl.  15 

a 

X0.1d.r 

Oi 

2.09 

!i.  L29 

(',.00 

0 

0.  300 

0.  0,57 

0 

0.  197 

0 

0.  059 

0 

0 

0 

0 

0 

0 

0 

0, 

2.  27 

11.0(17 

0.  00 

0 

.'.ion 

.513 

0 

.  462 

0 

.  lie 

0 

0 

0 

0 

0 

0 

0 

0.i 

2.  4.") 

14.706 

6.  00 

0 

1.500 

.408 

0 

.012 

0 

.918 

0 

0 

0 

0 

0 

0 

0 

0, 

2.63 

18.191 

1',  llll 

0 

2.  Km 

.  330 

0 

.093 

0 

1.455 

(1 

0 

0 

0 

0 

0 

0 

r 

2.51) 

15.625 

3.  33 

.  100 

2.  454 

.213 

.034 

.  523 

.005 

1.  283 

.084 

0.001 

8.  093 

15.953 

7.  7::j 

12.  990 

20. 649 

2' 

1.90 

7.  530 

3.27 

.  480 

2.  540 

.434 

,208 

1.  1H2 

.100 

2   799 

.  529 

5.507 

8.  485 

1  1.851 

5.  m:; 

10.  208 

15.  544 

3' 

1.02 

1.  252 

3.  25 

800 

2.  001 

.764 

.011 

1 .  '.ISO 

.489 

5.179 

1.591 

4.803 

7.  874 

12. 862 

4.  032 

7.  493 

10.  792 

4' 

1.42 

3.23 

1.  120 

2.660 

1.  128 

1 .  203 

3.000 

1.415 

7.980 

3.  K75 

6.611 

9.862 

2   4'  '5 

1  ■.'7:; 

6.676 

5' 

1.35 

2.  400 

3.21 

1.440 

2.  688 

1.305 

1.879 

3.  508 

2.  700 

9.  430 

5.052 

2.370 

4.732 

0.  354 

1.319 

2.858 

3.  520 

6' 

1.37 

2.571 

3.20 

1.700 

2.694 

1.245 

2.  191 

3    -.51) 

',i  036 

5.  903 

1.  125 

2  511 

3.000 

.501 

1.343 

l.  187 

7' 

1.07 

4.  057 

3.  22 

2.080 

2  683 

.  001 

1 .  437 

1.854 

2.989 

4.974 

3.856 

.434 

1.  101 

1.146 

.201 

.530 

.527 

8' 

2.25 

11.391 

3.  24 

2.400 

2.  002 

.  2S4 

.  682 

.  750 

1.637 

2.  012 

1.814 

.150 

.  122 

.390 

.062 

.177 

.160 

9' 

3.12 

30. 371 

3.  20 

2,  720 

2.618 

.  KIT 

.291 

.  280 

.792 

.733 

.  762 

.043" 

.131 

.110 

.014 

,(U2 

.035 

10' 

4.25 

70.  766 

3.29 

3.H4II 

2.  50(1 

.in:) 

.131 

.  110 

.398 

.282 

.334 

0 

0 

0 

0 

0 

0 

T  = 

8.  122 
=  .1 

8.727 
=  B 

IS   HO 
-<• 

14.387 
=  D 

46.  556 
=  E 

23.  285 

1 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Poi 

or 

it     col.  10X 
I          (    i 

col.  17X 
C6 

,',,1,    is  • 

C 

col.  19- 
col.  20 

col.  21  + 
col.  22 

H=col. 
23  H-Ctf 

col.  24 X 
Co 

col.  16X 

a 

col.  25+ 

col.  26- 

col.  17 

K=col. 

27^  C3 

COl.  24 X 
C, 

col.  10X 
Ci 

COl.  29+ 

col.  30- 

col.  17 

Ma'  = 

col.  31 -h 
0.1  Cs 

(col.  28 X 
0-(col. 
29X/0 

J-U0X 
col.  5) 

Mb'= 
-col.  32 
-col.  33 
+col.  34 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

59. 088 

-45  088 

-103.451 

104. 170 

.  725 

.063 

-.219 

8.  306 

-4.  903 

.978 

.448 

12.  753 

+.  251 

+.40 

+29.  73 

+30. 40 

+.21 

2 

44.411 

-55.  152 

-77.875 

79.  843 

1.968 

.  172 

-.597 

0.  243 

-4.  502 

.911 

1.224 

9.586 

+.602 

+  1.29 

+24. 80 

+27.  20 

+1.11 

3 

30.  804 

-20.  (HIS 

-  54  068 

56.  812 

2.741 

.240 

-.833 

4.330 

-3.  990 

.798 

1.707 

6.649 

+.863 

+1.85 

+19. 46 

+24.  00 

+2.69 

4 

19.  062 

-17.261 

-33.  447 

30.  323 

2.  870 

.251 

-.872 

2.680 

-3. 163 

.032 

1.  786 

4.114 

+.927 

+  1.99 

+13. 87 

+20.  80 

+4.94 

5 

10.077 

-9.  920 

-17.635 

19. 997 

.200 

-.716 

1.417 

-2.  157 

.431 

1 .  405 

2.175 

+  .780 

+  1.09 

+8.  58 

+  17.60 

+7.33 

6 

4.286 

-4.002 

-7.450 

8.948 

1.498 

.131 

-.455 

.603 

-1.195 

.239 

.932 

.925 

+.514 

+  1.10 

+4.33 

+14.  40 

+8.97 

7 

1.530 

-1.840 

-2.040 

3.  370 

.  730 

.  004 

-.222 

.216 

-.536 

.107 

.455 

.331 

+.256 

+.55 

+  1.80 

+  11.20 

+8.85 

8 

.474 

-.614 

-.802 

1.089 

.  287 

.  025 

-.087 

.067 

-.197 

.039 

.178 

.102 

+.  103 

+.22 

+  .02 

+8.00 

+7.10 

9 

.107 

-.146 

-.175 

.253 

.078 

.007 

-.024 

.015 

-.051 

.010 

*  .050 

.023 

+.031 

+.07 

+.15 

+4.80 

+4.58 

10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1.60 

+1.60 

i  =  32.00ft. 


ft  =  25.30  ft 


dl  =  3.20ft. 


C1=— =  +  2.113 
B 


C6= —  F=-3.471 

A 


c2= 

'a 

fl.074 

c     b2 

C3~-- 

£>= 

-5.010 

c4= 

DC 

-F-. 

=  +  7.114 

c5= 

F  C 

-E= 

=  +2.645 

C7=— =  +  1.649 


Cg= B=+4.663 

.6 


C2C4  =  +  7.640 


C//  =  C3C5-C6C4  =  +  11  442 
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Table  11  (c). — Calculation  of  moments,  vertical  reactions,  and  thrusts 


Expression 

Value,  span  1 

Value,  span  2 

(lC1-h)W0C3-(10C2-l)100Ci 
1                        -10,000CW 

y  _H1(1Q0C6)+10C2-1 

0.  0802 

.  0562 

.  608 
1.703 
.216 

.0605 

3.030 
1.610 

0.0531 

.0793 

.478 
1.669 
.111 

.0709 

1.693 
1.346 

100  C3 
%/r         HidOOCJ+lOC-j-l 

MlA               10  c8 
M1B  =  M1A+V1l-H1h^__. 

_A(100C3) 

'*     10,000CW 

v2=H2(^y 

VC3/ 

ZioocA 

M2A  =  ff2(-— i)=_. 

\ioc8/ 

Af2B  =  M2vl  +  V2;-//2/i= 

Table  11  (d). — Calculation  of  arch  rib  joint  constants 


Expression 

Value,  span  1 

span  2 

Moment  stiffness=AfiBH-12= 

0. 142 
.047 
.00090 
7.4.r. 
-14.06 
-.35 

0. 139 
.032 
.00037 

12.  13 

-15.25 

-.29 

Induced  thrust = Hi -i- Mi  b= 

Thrust  stiftness=/:T>-Hl2ft  = 

Induced  moment  (at  pier  top)  =  Mia  -s- Hi =- 
Induced  moment  (at  tooting)  =  —  Mi*-i-Hi=  . 
Moment  carry-over  =  —  A/1.4  -4-Afifl= 

Table  12. — Pier  constants 

Z=22.5ft.  (  =  2.0  ft. 

7=^/12=0.667 


Expression 

Value 

Moment  stiffness=4/-^=._ 

0.119 

.067 

. 00070 
11.25 
+.50 

Induced  thrust=3H-2?=.. 

Thrust  stiffness=12/-W3  =  - 

Induced  moment=J-h2= 

Moment  carry-over  = 

Table  13. — Distribution  of  moment  and  thrust  stiffness 


Member 

Moment  stiffness 

Thrust  stiffness 

Value 

Distribu- 
tion 
factor 

Value 

Distribu- 

1  ion 
factor 

Arch  rib,  span  1 

Arch  rib,  span  2_ 

Pier._ 

0.142 

.139 

119 

Percent 
35 

35 

30 

0.  00090 
. 00037 
. 00070 

Percent 
45 

19 

36 

Total 

400 

100 

. 00197 

100 

Table  14. 


-Distribution  of  induced  moments,  induced  thrusts, 
and  moment  carry-overs 


Member 

Induced  moment — 

Induced  thrust 

(multiply  value 

by  distributed 

moments) 

Moment 
carry-over 

At  pier  top 

(multiply  value 

by  distributed 

thrusts) 

At  tooting 

(multiply  value 

by  distributed 

thrusts) 

Arch  rib,  span  1 

Arch  rib,  span  2. 

Pier 

+  7.45 
+  12.  13 
-11.25 

-14.06 
-15.25 
+11.25 

+0. 040 
+.032 
-.067 

Percent 
-35 

-29 

+50 
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Tables  15  &  16. — Unit  moment  and  thrust  distributions,  unit  loads  in  span  1 


MOMENT   DISTRIBUTION    FACTORS 


C.0.= 


C.0.= 
-35%-S" 

77777 

CO.  =  +50%'' 

SPAN   1       SPAN  2 


:+50%^ 


29% 


THRUST    DISTRIBUTION    FACTORS 


SPAN  1       SPAN  2 


Induced  Thrusts 

0.046Xmoment  (arch  rib,  span  1) 
0.032Xmoment  (arch  rib,  span  2) 
— 0.067Xmoment  (pier) 


Induced  Moments 

7.44  (—14.06  at  footing)  Xthrust  (arch  rib,  span  1) 
12.13  (—15.25  at  footing)  Xthrust  (arch  rib,  span  2) 
-11.25  (-11.25  at  footing)  Xthrust  (pier) 


Fixed-end  moment. 
Balancing  moment- 
Balancing  moment. 
Final  moments 


Table  15. — Distribution  of  unit  moment,  span  1 


Induced  thrust    -» 
i— Induced  moment 

Induced  thrust—* 
"—Induced  moment 


Rib 

Pier 

Rib 

-1.000 
+.350 
-.022 

0 

+.300 
+.034 

0 

+.350 
-.012 

-.672 

+.334 

+.338 

Rib 

Pier 

Rib 

0 

+.016 
-.003 

0 

-.020 
-.003 

0 

+.011 
-.001 

+.013 

112:1 

+.010 

...Fixed-end  thrust 

... Balancing  thrust 

..-Balancing  thrust 
Final  thrusts 


Sum  of  balancing  thrusts. .  - 
Sum  of  balancing  moments. 


Rib 

Pier 

Rib 

Rib 

Pier 

Rib 

0.003 

+.  350 

-0. 003 
+.300 

-0.001 
+.350 

+0. 042 
-.123 

+0. 034 
+.150 

+0.015 
-.102 

Tota   moment  at  footing.. 

-.081 

+.184 

-.087 

..Moment  induced  at  footing 
.  Moment  carried  over  to  footing 


Footing  moments 


Fixed-end  moment. 

Balancing  moment. 

Balancing  moment. 
Final  moments 


Table  16. — Distribution  of  unit  thrust,  span  1 


-Induced  moment 
Induced  thrust— > 

-Induced  moment 
Induced  thrust—* 


Rib 

Pier 

1 
Rib 

0 

0 

0 

-3. 348 

+4. 050 

-2. 305 

+.561 

+.481 

+.561 

-.037 

+.045 

-.036 

+  .010 

+.008 

+.010 

-2.814 

+4.  584 

-1.  770 

Rib 

Pier 

Rib 

+1.000 
-.456* 

+.026 
-.005 

0 

-.360 
-.032 
-.004 

0 

-.190 
+.018 
-.003 

+.571 

-.396 

-.175 

...Fixed-end  thrust 
...Balancing  thrust 

..  .Balancing  thrust 

Final  thrusts 


Sum  of  balancing  thrusts 

Sum  of  balancing  moments 


Rib 

Pier 

Rib 

Rib 

Pier 

Rib 

-0.455 

+.571 

-0. 364 

+.489 

-0. 193 
+.571 

+6. 397 
-.200 

+4. 095 
+.245 

+2. 943 
-.  166 

Total  moment  at  footing... 

+6. 197 

+4. 340 

+2.  777 

.Moment  induced  at  footing 

.Moment  carried  over  to  foot- 
ing 


Footing  moments 
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Tables  17  &  18. — Unit  moment  anil  thrust  liistributions,  unit  loads  in  span  2 


MOMENT   DISTRIBUTION    FACTORS 


C.0.= 
-29% 


SPAN  1       SPAN  2 


THRUST    DISTRIBUTION    FACTORS 


7777? 

SPAN  1       SPAN  2 


Induced  Thrusts 

+0.040Xmoment  (arch  rib,  span  1) 
+0.032Xmoment  (arch  rib,  span  2) 
— 0.067Xmoment  (pier) 


Induced  Moments 

+7.44  (-14.06  at  footing) Xthrust  (arch  rib,  span  1) 
+12.13  (-15.25  at  footing) Xthrust  (arch  rib,  span  2) 
-11.25  (-11.25  at  footing) Xthrust  (piei 


Table  17. — Distribution  of  unit  moment,  span  2 


Fixed-end  moment- 
Balancing  moment - 

Balancing  moment  - 

Final  moments 


Rib 

Pier 

Rib 

0 

-.350 
+.022 

-.328 

0 

-.  300 
-.034 

-.334 

+1. 000 
-.350 
+.012 

+.662 

Induced  thrust—* 
|— Induced  moment 

Induced  thrust—* 
i— Induced  moment 


Rib 

Pier 

Rib 

0 

-.016 
+.003 

-.013 

0 

+.020 
+.003 

0 

-.011 
+.001 

+.023 

-.010 

..Fixed-end  thrust 

..Balancing  thrust 

..Balancing  thrust 
Final  thrusts 


Sum  of  balancing  thrusts. . . 
Sum  of  balancing  moments. 


Rib 

Pier 

Rib 

Rib 

Pier 

Rib 

+0. 003 
-.350 

+0. 003 
-.300 

+0. 001 
-.350 

-0. 042 
+.123 

-0. 034 
-.150 

-0.015 
+.102 

Total  moment  at  footing... 

+.081 

-.184 

+.087 

_T— Moment  induced  at  footing 
.  .Moment  carried  over  to  footing 


Footing  moments 


Table  18. — Distribution  of  unit  tlirust,  span  2 


Fixed-end  moment... 

Balancing  moment... 

Balancing  moment.. - 
inal  moments 


Rib 

Pier 

Rib 

0 

0 

0 

+3. 348 

-4.050 

+2.305 

-.561 

-.481 

-.561 

+.037 

-.045 

+.036 

-.010 

-.008 

-.010 

+  2.81' 

-4.  584 

+1.770 

•—Induced  moment 
Induced  thrust—* 

•—Induced  moment 
Induced  thrust—* 


Rib 

Pier 

Rib 

0 

0 

-1.000 

+.450 

+.360 

+.190 

-.  026 

+.032 

-.018 

+.005 

+.004 

+.003 

+.429 

+.396 

-.825 

.Fixed-end  thrust 
.Balancing  thrust 

.Balancing  thrust 
Final  thrusts 


Sum  of  balancing  thrusts 

Sum  of  balancing  moments... 


Rib 

Pier 

Rib 

Rib 

Pier 

Rib 

+0. 455 
-.571 

+0. 364 
-.489 

+0.J93 
-.571 

-6.397 
+  .200 

-4.095 
-.245 

-2.  943 

+.166 

Total  moment  at  footing . . 

-6. 197 

-4.340 

-2.  777 

._  -Moment  induced  at  footing 
.Moment  carried  over  to  foot  ing 


Footing  moments 
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Table  19  (a) 


Table  19. — Tabulation  of  final  moments  and  thrusts,  span  1 


Fixed-end  moment 

=  -1.000 

Mb 

Mb- 

H, 

Hi 

Ih 

-0.  072 

+0.338 

+0.013 

-0.023 

+0.010 

Table  19  (b) 


Fixed-end  thrust  =+1.000 

Mb 

Mb- 

H, 

Hi 

Hz 

-2.814 

-1.770 

+0.571 

-0. 396 

-0. 175 

Table  19  (e) 


Unit 

Fixed- 

Fixed- 
end 
thrust 

M  and  H  due  to  fixed-ond  moment 

M  and  //  due  to  fixe 

d-cnd  thrust 

Final 

values  of  M  and  H 

load  at 
point — 

end 
moment 

Mb 

Mb- 

Hi 

Ih 

Hi 

Mb 

Mb- 

H, 

Ih 

Ih 

Mb 

Mb- 

Hi 

H2 

m 

1 

-0.06 

+0. 137 

-0.04 

+0.02 

+0. 001 

-0. 001 

+0. 001 

-0.39 

-0.24 

+0. 078 

-0.054 

-0.  024 

-0.43 

-0.22 

+0. 079 

-0. 055 

-0. 023 

2 

-.63 

+.374 

-.42 

+  .21 

+  .  008 

-.014 

+.006 

-1.05 

-.00 

+  .214 

-.148 

-.065 

-1.47 

-.45 

+.222 

-.102 

-.059 

3 

-2.07 

+  .545 

-1.39 

+.70 

+.  027 

-.048 

+.021 

-1.53 

-.96 

+.311 

-.215 

-.095 

-2.92 

-.26 

+.  338 

-.263 

-.074 

4 

-4.69 

+.  507 

-3.15 

+  1.59 

+  .001 

-.108 

+.047 

-1.71 

-1.07 

+.347 

-.240 

-.106 

-4.86 

+.52 

+.408 

-.348 

-.059 

5 

-8.06 

+.  536 

-5.42 

+2.72 

+  .  105 

-.185 

+.081 

-1.51 

-.95 

+.  306 

-.212 

-.094 

-6.93 

+  1.77 

+.411 

-.397 

-.013 

6 

-10.87 

+  .376 

-7.30 

+3.  67 

+.141 

-.250 

+.109 

-1.06 

-.67 

+.215 

-.149 

-.060 

-8.36 

+3.00 

+.356 

-.399 

+.043 

7 

-11.66 

+.206 

-7.84 

+3.94 

+.152 

-.268 

+.117 

-.58 

-.36 

+  .118 

-.082 

-.036 

-8.42 

+3.58 

+.270 

-.350 

+.081 

8 

-10.06 

+.086 

-6.70 

+3.40 

+.131 

-.231 

+  .101 

-.24 

-.15 

+.049 

-.034 

-.015 

-7.00 

+3.25 

+.180 

-.265 

+.086 

9 

-6.70 

+.023 

-4.50 

+2.20 

+.087 

-.  154 

+.067 

-.06 

-.04 

+.013 

-.009 

-.004 

-4.56 

+2.22 

+.100 

-.  103 

+.063 

10 

-2.41 

0 

-1.02 

+  .81 

+.031 

-.055 

+.024 

0 

0 

0 

0 

0 

-1.62 

+.81 

+.031 

-.055 

+.024 

Table  20  (a) 


Table  20. —  Tabulation  of  final  moments  and  thrusts,  span  2 


Fixed-end  moment  =+1.000 

H3 

Mb 

Mb- 

Ih 

Ih. 

|      -0. 328 

+0. 662 

-0.013 

+0.  023 

-0.010 

Table  20  (b) 

Fixed-end  thrust  =-1.000 

Mb 

Mb- 

Ih 

Ih 

Ih 

+2. 814 

+  1.770 

+0. 429 

+0. 396 

-0.  825 

Table  20  (e) 


.      Unit 
load  at 

point — 

Fixed- 
end 
moment 

Fixed- 
end 
thrust > 

W  and  //  due  to  fixe 

i-end  moment 

A/  and  H  due  to  fixe 

1-end  thru 

st 

Final 

values  of  M  and  H 

Mb 

Mb- 

Ih 

Ih. 

m 

Mb 

Mb- 

Ih 

Ih 

Ih 

Mb 

Mb- 

H, 

Ih 

Hi 

!     ,o' 

+  1.00 

0 

-0.52 

+  1.00 

-0.  021 

+0.  037 

-0.010 

0 

0 

0 

0 

0 

-0.52 

+1.06 

-0. 021 

+0. 037 

-0.016 

9' 

+4.58 

-.007 

- 1 .  52 

+3.03 

-.060 

+  .105 

-  046 

+  .  02 

+.01 

+.  003 

+.003 

-.006 

-1.48 

+3.04 

-.057 

+.108 

-.052 

1            8' 

+  7.16 

-.025 

-2.35 

+4.74 

-.093 

+  .  165 

-.072 

+  .07 

+  .04 

+.011 

+.  010 

-.021 

-2.28 

+4.78 

-.082 

+.175 

-.093 

7' 

+8.85 

-.064 

-2.  90 

+5.  86 

-.115 

+  .204 

-.089 

+.1S 

+.11 

+  .027 

+.025 

-.053 

-2.72 

+5.97 

-.088 

+.229 

-.  142 

6' 

+8.97 

-.131 

-2.  94 

+5.94 

-.  117 

+  .  206 

-.090 

+.37 

+  .23 

+.056 

+.052 

-.108 

-2.57 

+6.  1 7 

-.061 

+.758 

—.198 

5' 

+7.33 

-.206 

-2.40 

+■1  85 

-.095 

+  .169 

-.073 

+.58 

+  .36 

+.088 

+  .082 

-.170 

-1.82 

+5.21 

-.007 

+.251 

-.243 

4' 

+4.94 

-.251 

-  1 .  62 

+3. 27 

-.164 

+  .114 

-.049 

+  .71 

+  .44 

+.108 

+.099 

-.207 

-.91 

+3.71 

+.044 

+.213 

-.250 

3' 

+2.69 

-.240 

-.88 

+  1.78 

-.035 

+.062 

-.027 

+.68 

+.42 

+.103 

+.095 

-.198 

-.20 

+2.20 

+.068 

+.157 

-.225 

2' 

+  1.  11 

-.172 

-.36 

+  .73 

-.1)14 

+.  026 

-.011 

+.48 

+.30 

+.074 

+.068 

-.  142 

+.12 

+  1.03 

+  .000 

+.094 

-.153 

1' 

+  .21 

-.163 

-.07 

+  .14 

-.003 

+.005 

-.002 

+.18 

+.11 

+.027 

+.  025 

-.052 

+.11 

+.25 

+.024 

+.030 

-.054 

1  Negative  sign  used  to  conform  to  sign  convent  ion. 
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Table  21. — Tabulation  affinal  moments  at  footings,  span  1 
Table  21  (a)  Table  21  (b) 


Fixed-end  moment  =  — 1.000 

Afi 

A/2 

Mt 

-0.081 

+0.184 

-0.087 

SPAN  1 


77777 

M, 


SPAN  2 


M„ 


M3 


Fixed-end  thrust  =  +  1.000 

A/, 

A/2 

A/3 

+6.197 

+4.340 

+2.777 

Table  21  (e) 


Unil 

load 

at 

point 

Fixed- 
end 
moment 
(Mb) 

Fixed- 
end 
thrust 

Ma 

M  due  to 
fixed-end  moment 

^[  due  i 
fixed-end  tin 

usl 

F 

ina]  v:ilui 
oi    u 

Mi 

Mi 

M3 

A/, 

-A/.. 

-V;< 

Mi+Ma 

A/2 

Mi 

1 

-0.06 

+0. 137 

-0.77 

-0.005 

+0.01 

-0.  005 

+0.  85 

+0.  59 

+0.  38 

+0.07 

+0.  60 

+0.  37 

2 

-.63 

+.374 

-2.  16 

-.05 

+.12 

-.06 

+2.32 

4  t.  62 

+  1.04 

+  .11 

+  1.74 

+  .98 

3 

-2.07 

+.545 

-3.24 

-.17 

+.38 

-.18 

+  3.  .'is 

+  2.37 

+  1.51 

-.03 

+2.75 

+1.33 

4 

-4.69 

+.607 

-3.  75 

-.38 

•    86 

-.41 

+  3.  76 

+2.  63 

+  1.69 

-.37 

+3.49 

+  1.28 

5 

-8.06 

|    536 

-3.44 

-.65 

+  1.48 

-.70 

+  3.  32 

+2.33 

+  1.49 

-.77 

+3.81 

+.79 

6 

-10.87 

+.  376 

-2.52 

-.88 

+2.00 

-.95 

+  2.  33 

+1.  63 

+  1.04 

-1.07 

+3.63 

+.09 

7 

-11.66 

+.  206 

-1.45 

-.94 

+2.15 

-1.01 

+  1.28 

+  89 

+.57 

-1.11 

+  3.  04 

-.44 

8 

-10.  06 

+.086 

-.63 

-.81 

+  1.85 

-.88 

+  .53 

+  .37 

+  .24 

-.91 

+2.22 

-.64 

9 

-6.70 

+.  023 

-.17 

-.51 

+  1.23 

-.58 

+  .14 

+.10 

+.06 

-  57 

+  1.33 

-.52 

10 

-2.41 

0 

0 

-.20 

+  .44 

-.21 

0 

0 

0 

-.20 

+  .44 

-.21 

Table  22. —  Tabulation  of  final  moments  at  footings,  span  2 
Table  22  (a)  Table  22  (b) 


Fixed-end  moment  =+1.000 

A/, 

A/2 

A/j 

+0. 081 

-0.  184 

+0. 087 

SPAN  1 


M, 


SPAN  2 


M0 


M, 


Fixed-end  thrust  =  -1.000 

A/, 

A/2 

Ms 

-6. 197 

-4.  340 

-2.777 

Table  22  (e) 


New  Publications 

THE  IDENTIFICATION  OF  ROCK 
TYPES 

To  meet  popular  demand  a  convenient 
6  x  9-inch  reprint  has  been  made  of  the  article 
The  Identification  of  Rock  Types,  by  D.  O. 
Woolf,  which  appeared  in  Public  Roads,  vol. 
26,  No.  2,  June  1950.  The  article  presents  a 
simple  method  for  use  by  the  highway  engineer 
in  making  field  identification  of  the  different 
types  of  rock  with  which  he  is  concerned.  It 
will  be  extremely  useful  to  engineers,  en- 
gineering students,  and  others  whose  work 
requires  a  limited,  practical  knowledge  of 
geology.  The  reprint  is  for  sale  by  the  Super- 
intendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at  10 
cents  a  copy. 

A  BIBLIOGRAPHY  OF  HIGHWAY 
PLANNING  REPORTS 

The  Bureau  of  Public  Roads  recently  pub- 
lished a  48-page  Bibliography  of  Highway 
Planning  Reports,  which  is  now  for  sale  by  the 
Superintendent  of  Documents,  U.  S.  Govern- 


Unit 

load 

at 

point 

Fixed- 
end 
moment 
(Mb') 

Fixed- 
end 
thrust 

M/ 

A/  due  to  fixed-end 
moment 

Mdue  to  fixed-end 
thrust 

Final  values  of  M 

A/i 

A/2 

A/3 

A/, 

A/2 

A/3 

Mt 

A/2 

A/3+ 

A/  / 

10' 
9' 

8' 
7' 
6' 
5' 
4' 
3' 
2' 
1' 

+1.60 
+4  58 
+7.16 
+8.85 
+8.97 
+7.33 
+4.94 
+2.69 
+1.11 
+.21 

0 

-.  007 
-.025 
-.064 
-.131 
-.206 
-.  251 
-.240 
-.172 
-.063 

0 

+.07 
+.22 
+.55 
+  1.10 
+  1.69 
+1.99 
+  1.85 
+  1.29 
+.46 

+0.13 
+.37 
+.58 
+.72 
+.73 
+.59 
+  .40 
+.22 
+.09 
+.02 

-0.29 

-.84 

-1.32 

-1.63 

-1.65 

-1.35 

-.91 

-.49 

-.20 

-.04 

+0.14 
+.40 
+.62 
+  .77 
+.78 
+  .64 
+.43 
+.23 
+.10 
+.02 

0 

-.04 
-.15 
-.40 
-.81 
-1.28 
-1.56 
-1.49 
-1.07 
-.40 

0 

-.03 
-.11 

-.28 
-.57 
-.89 
-1.09 
-1.04 
-.75 
-.27 

0 

-.02 
-.07 
-.18 
-.36 
-.57 
-.70 
-.67 
-.48 
-.17 

+0.  13 
+.33 
+.43 
+  .32 
-.08 
-.69 
-1.16 
-1.27 
-.98 
-.38 

-0.29 

-.87 

-1.43 

-1.91 

—  2.22 

-2.24 

-2.00 

-1.53 

-.95 

-.31 

+0.14 

+.45 

+  .77 

+  1.14 

+  1.52 

+1.76 

+  1.72 

+1.41 

+.91 

+  .31 

ment  Printing  Office,  Washington  25,  D.  C, 
at  30  cents  a  copy.  The  bibliography  covers 
'the  period  1930  to  date,  and  includes  listings 
of  Nation-wide,  State,  and  city  highway 
planning  reports  such  as  those  of  State-wide 
highway  planning  surveys  and  of  traffic, 
origin-destination,  design,  and  highway  needs 
studies.  The  reports  range  from  long-term 
studies  of  State-wide  scope  to  discussions  and 


plans  for  individual  routes,  and  are  the  work 
of  the  Bureau  of  Public  Roads  and  State,  city, 
and  consulting  engineers. 

The  interest  in  highway  planning  continues 
to  increase.  This  bibliography  makes  avail- 
able a  listing  of  reports  on  the  subject,  useful 
both  to  those  interested  in  the  general  field 
of  planning  and  to  those  concerned  with  a 
particular  State,  city,  or  route. 
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COMPARATIVE  EFFECT  OF  HINGED  AND  FIXED 
FOOTINGS  AT  CRITICAL  POINTS 
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1).  5     GOVERNMENT    PRINTING    OFFICE;  I9S0 


A  complete  list  of  the  publications  of  the  Bureau 
of  Public  Roads,  classified  according  to  subject  and 
including  the  more  important  articles  in  Public 
Roads,  may  be  obtained  upon  request  addressed  to 
Bureau  of  Public  Roads,  Washington  25,  D.  C. 


PUBLICATIONS 

of  the  Bureau  of  Public  Roads 


The  folloiving  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  tlirect  to  the  Superintendent  of 
Documents.     Prepayment  is  required. 


ANNUAL  REPORTS 

(See  alio  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 

1937,  10  cents.         1938,  10  cents.         1939,  10  cents. 

Work  of  the  Public  Roads  Administration : 

1940,  10  cents.  1942,  10  cents.  1948,  20  cents. 

1941,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947,  20  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1   .    .    .    Nonuniformity  of  State  Motor- Vehicle  Traffic 
Laws.      15  cents. 

Part  2  .    .    .    Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .    .    .    Inadequacy  of  State   Motor-Vehicle   Accident 
Reporting.      10  cents. 

Part  4  .    .    .    Official  Inspection  of  Vehicles.      10  cents. 

Part  5  .    .    .    Case  Histories  of  Fatal   Highway   Accidents. 
10  cents. 

Part  6  .    .    .    The  Accident-Prone  Driver.      10  cents. 


Guides  to  Traffic  Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bridge  Location  (No.  1486D).     15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 
249).     50  cents. 

Highway  Practice  in  the  United  States  of  America.     50  cents. 

Highway  Statistics,  1945.     35  cents. 

Highway  Statistics,  1946.     50  cents. 

Highway  Statistics,  1947.     45  cents. 

Highway  Statistics.  1948.     65  cents. 

Highway  Statistics,  Summary  to  1945.     40  cents. 

Highways  of  History.     25  cents. 

Identification  of  Rock  Types.     10  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways.    50  cents. 

Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 
Strips,  and  Other  Landing  Areas  for  Aircraft.     $1.50. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 

Roadside  Improvement  (No.  191  MP).     10  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  National 
Forests  and  National  Parks  (FP-41).     $1.25. 

Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

The  Local  Rural  Road  Problem.    20  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.     10  cents. 

Transition  Curves  for  Highways.     $1.25. 


UNIFORM  VEHICLE  CODE 


Act 


I. — Uniform  Motor- Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act.     10  cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License   Act.     10  cents. 

Act  III.— Uniform  Motor- Vehicle  Civil  Liability  Act.      10  cents. 

Act  IV. — Uniform  Motor- Vehicle  Safety  Responsibility  Act.  10 
cents. 

Act    V. — Uniform  Act  Regulating  Traffic  on  Highways.    20  cents. 

Model  Traffic  Ordinance.     15  cents. 


Single  copies  of  the  folloiving  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

ANNUAL  REPORTS 

(See  also  adjacent  column) 

Public  Roads  Administration  Annual  Reports: 

1943.  1944.  1945. 


MISCELLANEOUS  PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.     30  cents. 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).     40  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 


MISCELLANEOUS  PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography  on  Highway  Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skill  and  Right  Equipment. 
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Traffic  Trends  on  Rural  Roads  in  1949 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Total  travel  on  rural  roads  in  1949  broke 
all  records,  exceeding  the  1948  previous  high 
by  7  percent  and  the  prewar  peak  by  27 
percent.  On  the  350,000  miles  of  main  rural 
roads  in  the  United  States,  travel  in  1949  was 
over  159  billion  vehicle -miles,  of  which  78 
percent  was  by  passenger  cars,  1  percent  by- 
busses,  and  21  by  freight-carrying  vehicles. 

Trucks  and  combinations  hauled  7  per- 
cent more  ton-mileage  of  freight  in  1949 
than  in  1948  and  52  percent  more  than  in 
1941,  the  increase  resulting  largely  from 
greater  use  of  heavier  vehicles.  Truck-com- 
bination travel  was  10  percent  higher  than 
in  1948,  85  percent  higher  than  in  1941,  and 
244  percent  higher  than  in  1936.  Compa- 
rable figures  for  single-unit  trucks  were  5, 
27,  and  92  percent.  The  average  carried 
load  for  all  trucks  and  combinations  in  1949 
was  2,  40,  and  76  percent  above  the  averages 
in  1948,  1941,  and  1936,  respectively. 

In  1949  more  than  5  percent  of  all  truclts 
and  combinations  exceeded  a  State  legal 
weight  limit,  and  16  percent  of  the  combi- 
nations were  illegally  overloaded  in  some 
particular.  In  comparison  with  1948,  the 
percentage  of  overweight  vehicles  decreased 
slightly  in  1949  except  in  the  western  States. 


MOTOR-VEHICLE  ^TRAVEL  in  1949 
broke  all  previous  records  for  the  fourth 
consecutive  year.  The  1949  traffic  on  all 
rural  roads  was  7  percent  higher  than  in  1948, 
16  percent  higher  than  in  1947,  and  about  27 
percent  above  the  1946  volume  and  the  1941 
prewar  peak.  Geographically  the  increases 
over  1948  ranged  from  4  percent  in  the  western 
States  to  9  percent  in  the  eastern  States,  with 
an  average  increase  in  the  central  States  of  7 
percent.  The  largest  increase  in  any  of  the 
United  States  census  regions1  was  12  percent 
in  the  West  North  Central  region  and  the 
smallest  increase  was  1  percent  in  the  Pacific 
region.  Records  from  about  800  automatic 
traffic  recorders,  operated  continuously 
throughout  the  year  at  permanent  stations  on 
main  and  local  roads  in  all  States,  were  used 
generally  to  establish  these  trends.  More 
extensive  traffic  surveys,  made  by  a  number 
of  States,  yielded  valuable  information  con- 
cerning the  total  volume  of  rural  traffic  within 
their  boundaries.  Consideration  has  been 
given  to  all  such  available  data  in  this  analysis. 
Where  States  have  prepared  and  submitted 
vehicle-mile  travel  estimates  of  their  own, 
these  have  been  employed  rather  than  esti- 
mates made  by  applying  trend  factors. 
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Figure  1. — Travel  on  all  rural  roads  in  1941,  1948,  and  1949,  by  months. 


1  The  States  comprising  each  census  region  are  indicated 
n  table  1. 

911058—50 1 


The  variation  in  travel  on  rural  roads  in 
three  main  geographic  divisions  and  in  the 
United  States  as  a  whole  is  illustrated  in  figure 
1  for  the  years  1949,  1948,  and  1941,  the  latter 
being  the  prewar  peak  year.  Travel  in  each 
month  of  1949  in  the  eastern  and  central 
regions  and  in  the  United  States  as  a  whole 
was   well   above   that   of   the   corresponding 


month  of  the  earlier  years.  The  western 
regions,  however,  showed  only  a  slight  in- 
crease from  1948  to  1949. 

Summer  travel  in  1949  reached  its  prewar 
importance  for  the  first  time  since  the  end  of 
hostilities  in  1945.  In  the  last  two  prewar 
years  the  average  monthly  travel  in  July  and 
August   was   23   percent   above   that  of  the 

85 


average  month  of  the  year.  Restrictions 
placed  on  nonessential  driving  in  1942  reduced 
travel  in  the  summer  months  so  that  only  13 
or  14  percent  more  traffic  used  the  roads  in  the 
summer  months  than  in  the  average  month  of 
the  war  years.  Following  the  war  this  seasonal 
travel  increased  each  succeeding  year.  Not 
until  1949,  however,  did  vacation  and  other 
summer  driving  again  reach  the  prewar  level, 
23  percent  above  the  annual  average. 

1919  Summer  Loadometer  Survey 

The  large  number  of  automatic  traffic  re- 
corders operated  on  the  rural  roads  of  each 
State  gives  a  good  indication  of  the  trend  of 
total  traffic  on  those  highways  but  provides 
no  indication  concerning  the  classification  of 
vehicles  by  type,  weight,  or  other  character- 
istics. During  certain  prewar  years,  generally 
1936  and  1937,  nearly  every  State  conducted 
a  comprehensive  survey  of  traffic  in  which  all 
vehicles  counted  were  classified.  At  the 
same  time  a  large  number  of  trucks  and  truck 
combinations  were  stopped  for  the  gathering 
of  information  concerning  their  weight, 
dimensions,  and  other  important  features. 

In  order  to  determine  the  wartime  trend  in 
weights,  dimensions,  and  other  characteristics 
of  commercial  vehicles,  a  brief  check  survey 
was  made  in  the  summer  of  1942  at  certain 
typical  stations  in  most  States.  From  the 
information  collected  in  the  two  surveys, 
which  were  kept  strictly  comparable,  trends 
were  calculated  which  were  used  to  determine 
the  changes  in  traffic  and  vehicle  character- 
istics that  had  taken  place  since  the  compre- 
hensive survey  was  made.  Since  1942,  check 
surveys  have  been  made  annually;  most  of 
the  States  have  participated  in  these  each 
year  and  all  have  participated  at  some  time.2 
Forty-six  States  conducted  such  surveys  in 
1949. 

Classification  counts  made  in  numerous 
States,  in  addition  to  those  of  the  summer 
survey,  added  valuable  information  concern- 
ing vehicle-type  frequencies.  In  a  few  States 
expanded  loadometer  surveys  have  furnished 
more  reliable  data  concerning  vehicle  types 
and  weights  than  can  be  obtained  from  the 
trend  data  alone,  and  these  have  been  used  in 
the  analysis  when  available. 

The  stations  used  in  these  summer  surveys 
were  selected  initially  to  give  a  representative 
cross  section  of  traffic  on  main  rural  roads. 
They  were  operated  for  one  or  more  8-hour 
periods  on  a  weekday,  generally  from  either 
6  a.  m.  to  2  p.  m.,  or  from  2  p.  m.  to  10  p.  m. 
All  traffic  passing  through  the  stations  during 
the  period  was  counted  and  classified  into  the 
following  categories:  local  passenger  cars; 
foreign  (out-of-State)  passenger  cars;  panel 
and  pickup  trucks;3  other  two-axle,  four-tire 
trucks;  two-axle,  six-tire  trucks;  three-axle 
trucks;  truck-tractor  and  semitrailer  combi- 
nations;   truck   and    trailer    combinations    or 


Table  1. — Survey  period,  number  of  stations  operated,  number  of  vehieles  counted,  and 
number  iveighed  in  each  State  in   the  special  iveight  surveys,  summer  of  1949 


2  See  Traffic  trends  on  rural  roads,  by  T.  B.  Dimmick, 
Public  Rqads,  vol.  25,  No.  12,  Feb.  1950;  vol.  25,  No.  7, 
Mar.  1949;  vol.  25,  No.  3,  Mar.  1948;  vol.  24,  No.  10,  Oct.- 
Nov.-Dec.  1946;  and  Amount  and  characteristics  of  trucking  on 
rural  roads,  by  J.  T.  Lynch  and  T.  B.  Dimmick,  Public 
Roads,  vol.  23,  No.  9,  July-Aug.-Sept.  1943. 

3  Single-unit  trucks  witb  a  carrying  capacity  of  less  than  1  Vi 
tons. 


Region  and  State 

Survey  period 

Number  of 
stations 

Total 
vehicles 
counted 

Trucks  and  truck 
combinations 

Counted 

Weighed 

New  England: 

Connecticut 

Aug.  1-12 

10 
10 
10 
5 
5 
5 

32,  760 
24, 308 
36, 083 
15,  282 
14,  322 
10,  002 

5,817 
4,252 
5,685 
1,814 
2,400 
651 

2,430 
2,018 
1,925 

496 
1,145 

651 

Maine  -          .  .-. 

July  21-Aug.  5 

Aug.  8-26 

Aug.  8-12 

Massachusetts .. 

New  Hampshire .  .  _. 

Rhode  Island 

July  25-Aug.  1 

Aug.  1-5 

Subtotal 

45 

132,  757 

20.  619 

8,665 

Middle  Atlantic: 

New  Jersey.    _  _ 

Aug.  16-Sept.  8 

10 
20 

7 

79,  674 
39,  380 
24,  066 

14.  S73 
10,  265 
4,818 

1,977 

3,464 

907 

New  York-  ._.  .     

Sept.  19-24 

Julv26-Sept.  1 

Pennsylvania..- 

Subtotal  _--        

37 

143, 120 

29,  956 

6,348 

South  Atlantic: 

Delaware 

Aug.  11-25 

9 

12 

10 
12 
10 
10 
9 

26,  819 

17,  383 
39,  2G7 
36,  228 
17, 162 
22,  279 
13, 170 

7,922 

4,384 
8,001 
6,311 
4,  659 
5,099 
3,134 

1,190 

3,020 
1, 156 
4.324 
2,114 
3,815 
1,307 

Florida . 

0) 
Aug.  1-30 

Georgia... 

Maryland 

Aug.  8-15. 

North  Carolina 

Aug.  9-30 

South  Carolina.  .._  ...  . .  . 

Sept.  12-26 

Aug.  3-19 

West  Virginia.     .      ... 

Aug.  9-Sept.  2 

Subtotal 

72 

172,  308 

:■;:"(,  5 in 

16,026 

154 

448, 185 

90, 085 

31,939 

East  North  Central: 

Aug.  23-Sept.  7 

47 
20 
8 
10 
10 

85,148 
44,232 
21,  928 
26,  244 
24,  945 

17, 143 
10,  375 
2,930 
4,891 
3,755 

6,449 
4,155 
1,028 
1,045 
1,285 

Aug.  3-31 

July  22-Aug.  4 

Ohio     

July  26-Aug.  11 

Aug.  4-25_    

Wisconsin    .     

Subtotal 

95 

202,  497 

39,  094 

13,  962 

East  South  Central: 

July  13-29 

10 
10 
15 
10 

11,594 
12,  959 
24,  253 
11,336 

2,910 
2,925 
6.633 
3,011 

1,750 
1,133 
2,615 
1,710 

June  20-July  6 

Aug.  15-Sept.  2 

Aug.  2-16 

Subtotal 

45 

60, 142 

15, 479 

7,208 

West  North  Central: 

July  25-Aug.  5 

Aug.  11-24.. 

10 
10 
10 
15 
20 
15 
11 

13, 336 

Hi. . ',i,i i 
29,  075 
70,  079 
22.  nit 
22,  960 
8,956 

2,427 
2,141 
6,492 
14.323 
4,744 
5,376 
1,391 

2,424 
1,095 
2,147 
6,940 
4,  593 
2,043 
1,182 

Apr.  11-Aug.  3 

Aug.  12-Sept.  1 

July  21-Aug.  17 

North  Dakota.-  .  

July  21-Sept.  1 

June  24-Sept.  21 

Subtotal 

91 

176,  986 

36,  894 

20,  124 

West  South  Central: 

July  25-Aug.  5 

10 
10 
10 
17 

16, 804 
10,015 
14,414 
29,  982 

5,519 
3,019 
3,139 
6,838 

1,441 
1,184 
3,017 
1,632 

July  18-27 

Aug.  15-29 

Texas      

June  15-Sept.  13 

Subtotal  . 

47 

71,215 

18,  515 

7,274 

278 

510,  840 

109, 982 

48, 868 

Mountain: 

June  6-17 

10 
10 
13 
19 
10 
10 
10 

9,010 
25,  647 
15,  429 
16,344 

r,,6'.« 
12,  621 
16, 112 

1,962 
4,161 
2,886 
3,197 
1,036 
2,739 
3,215 

785 
439 
2,707 
2,  540 
881 
1,283 
1,473 

Aug.  11-29 - 

J*b.ly  25-Aug.  10 

Aug.  3-Sept.  1 

July  25-Aug.  9 

July  21-Aug.  4... 

Utah           — 

July  18-Aug.  5 . 

(') 

Subtotal-. 

82 

101,  856 

19, 196 

10, 108 

Pacific: 

May  31-June  30 

20 

8 

20 

2  71, 484 
15,  660 
99,  978 

13, 153 
2,893 
18, 007 

4,836 
1,984 
12, 265 

Aug.  9-19 

Washington ._. 

June  7-Oct.  7. . 

Subtotal _ 

Western  regions,  subtotal. ..  ..  _  ..  __ 

48 

187, 122 

34,  053 

19, 085 

130 

288, 978 

53,  249 

29,193 

United  States  total 

562 

1,  248, 003 

253, 316 

110, 000 

1  No  survey  made. 


3  Passenger  cars  not  counted;  figure  given  is  an  estimate  based  on  data  from  other  reports. 


truck-tractor  semitrailer  and  trailer  combina- 
tions; and  busses.  The  combination-type 
vehicles  were  further  subdivided  according  to 
the  number  of  axles  of  each. 

Most  of  the  weight  stations  were  operated 
during  July,  August,  and  September.  Ari- 
zona completed  its  work  in  June;  California 
started  its  survey  on  the  last  day  in  May  and 


completed  it  in  June;  Texas  operated  its 
stations  from  June  to  September;  Washington 
conducted  its  operations  from  June  to  October. 
The  survey  period,  number  of  stations 
operated,  number  of  vehicles  counted,  and 
number  weighed  are  shown  for  each  State  in 
table  1.  Almost  1J4  million  vehicles  were 
counted  at  all  stations  during  the  period  of  the 
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survey.  About  one-fifth  of  these  were  freight- 
carrying  vehicles,  of  which  almost  one-half 
were  weighed. 

Wherever  traffic  volume  permitted,  every 
truck  and  truck  combination  was  stopped  and 
weighed.  Where  this  procedure  was  imprac- 
ticable all  of  the  less  common  types  were 
weighed  and  the  common  vehicle  types  were 
weighed  in  sufficient  numbers  to  establish  their 
characteristics  from  the  sample.  The  type 
of  vehicle,  whether  loaded  or  empty,  the  num- 
ber of  axles,  and  the  weight  of  each  axle  were 
recorded.  The  axle-spacing  and  total  wheel- 
base  length  of  the  heavier  vehicles 4  were 
measured,  and  the  commodity  carried  and  the 
type  of  operation — private  or  for-hire — were 
recorded.  Passenger  cars  and  busses  were 
counted  but  not  stopped  for  weighing. 

Prewar  Travel  Trend  Maintained 

Figure  2  shows  in  chart  form  the  vehicle- 
mileage  of  travel  on  all  rural  roads,  by  type 
of  vehicle,  for  each  year  from  1936  to  1949, 
inclusive.  It  is  apparent  that  the  effect  of 
the  drastic  restriction  of  travel  during  the  war 
period,  1942-45,  has  now  been  entirely  over- 
come. A  straight  line  from  the  top  of  the 
bar  for  1936  to  the  top  of  the  bar  for  1949 
passes  through  the  tops  of  the  bars  for  1937, 
1939,  and  1940,  and  only  slightly  above  the 
top  of  the  bar  for  1938  and  slightly  below  that 
for  1941.  The  recession  in  business  activity 
in  1938  probably  accounts  for  the  lessened 
volume  of  traffic  in  that  year;  and  1941  was 
a  year  of  exceptional  activity  in  preparation 
for  the  war  that  followed.  Altogether,  total 
traffic  has  recovered  completely  from  the 
effect  of  the  war  and  stands,  as  near  as  can 
be  determined  from  the  long-time  trend,  at  a 
level  which  would  have  been  reached  had  the 
war  not  occurred. 

In  the  case  of  travel  of  trucks  and  truck 
combinations,5  the  1949  value  fits  the  1936-40 
trend,  projected,  almost  exactly.  For  truck 
combinations  alone,  the  1936-48  line  lies 
slightly  above  the  tops  of  the  bars  for  all  inter- 
vening years.  This  and  other  trend  data  in- 
dicate an  accelerating  growth  in  traffic  by 
vehicles  of  this  type. 
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4  Trucks  and  truck  combinations  weighing  13  tons  or  more 
or  having  an  axle  weighing  18,000  pounds  or  more. 

*  In  this  article,  the  term  "truck"  is  used  to  indicate  a 
single-unit  vehicle;  "truck  combination"  to  indicate  truck- 
tractor  semitrailer  (with  or  without  full  trailer)  and  truck 
with  full  trailer;  and  "trucks  and  truck  combinations"  to 
indicate  all  of  these  vehicles  together. 


Figure  2. — Travel  on  all  rural  roads,  1936-49,  by  classes  of  vehicles. 


Travel  Increases 

The  ratio  of  traffic  volumes  on  main  rural 
roads  in  1949  to  the  corresponding  volumes  in 
1948  is  shown  in  table  2.  Highways  classified 
under  the  term  "main"  include  about  350,000 
miles  and,  in  general,  are  those  of  the  entire 
State  systems.  In  such  States  as  North  Caro- 
lina, Pennsylvania,  and  Virginia,  where  all  or 
a  large  part  of  the  rural-road  mileage  is  under 
State  control,  only  the  mileage  in  the  primary 
system  is  included.  The  consistent  increase 
in  travel  on  these  main  highways  by  most 
types  of  vehicles  and  in  all  sections  of  the 
country  is  evident  in  the  table.     Travel  by 


both  local  and  foreign  (out-of-State)  passen- 
ger cars  increased  in  all  regions,  but  travel  by 
single-unit  trucks  decreased  in  the  Middle 
Atlantic,  South  Atlantic,  and  Pacific  regions 
and  increased  only  slightly  in  the  New  Eng- 
land and  West  South  Central  regions.  The 
increases  in  travel  by  truck  combinations  and 
the  decreases  by  single-unit  trucks  appear  to 
be  a  result  of  the  continued  shifting  to  the 
heavier  types. 

Use  of  Truck  Combinations 

The  percentage  of  travel  by  vehicle  types 
on  main  rural  roads  in  1949  is  given  in  table  3. 


Table  2. 

— Ratio 

of  1949 

traffic  on  main 

rural  roads  to  corresponding  traffic  in 

1948  ' 

Vehicle  type 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

Passenger  cars: 

Local 

1.09 
1.15 
1.11 

1.01 
1.10 
1.03 

.75 

1.09 

1.15 
1.09 
1.13 

.85 

1.17 

.93 

.99 

1.09 

1.08 
1.15 
1.10 

.99 
1.31 
1.06 

.99 

1.09 

1.11 
1.13 
1.12 

.93 
1.22 
1.01 

.95 

1.09 

1.07 
1.03 
1.06 

1.09 
1.02 
1.06 

.87 

1.06 

1.01 
1.33 
1.10 

1.10 
1.11 
1.10 

1.06 

1.10 

1.09 
1.08 
1.09 

1.08 
1.06 
1.07 

.84 

1.08 

1.10 
1.17 
1.12 

1.02 

1.05 
1.03 

1.02 

1.09 

1.08 
1.10 

1.09 

1.07 
1.04 
1.06 

.94 

1.08 

1.08 
1.05 
1.07 

1.08 
1.30 
1.12 

.94 

1.08 

1.04 
1.03 
1.04 

.84 
1.26 
.95 

.97 

1.02 

1.05 
1.04 
1.05 

.96 
1.27 
1.07 

.96 

1.06 

1.08 
1.10 
1.09 

1.05 
1.10 
1.06 

.95 

1.08 

Foreign 

All  passenger  cars 

Trucks  and  truck  combinations: 

Single-unit  trucks 

Truck  combinations 

All  trucks  and  truck  combinations 

Busses 

All  vehicles 

1  The  ratios  for  "all  vehicles"  are  based  on  year-round  automatic  recorder  data,  while  those  for  the  individual  vehicle  types  are  based  principally  on  summer  counts. 
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Table  3. — Percentage  distribution  of  travel,  by 

vehicle  type 

and  by  type 

of  operation 

,  on  main  rural  roads  in 

the  summer  of  1949 

Vehicle  ;ype 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
aver- 
age 

V.  S.  percentage 
distribution  of 
trucks  and  truck 
combinations  by 
type  of  operation 

Eng- 
land 

Middle 
Atlan- 
tic 

South 
Atlan- 
tic 

Aver- 
age 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Aver- 
age 

Moun- 
tain 

Pacific 

Aver- 
age 

Private 

For  hire 

Passenger  < 
Local __ ...     ... 

66.11 
25.38 

63.31 
16.07 

57.15 
19.03 

59.61 
18.66 

58.56 
20.74 

45.37 
22.46 

59.79 
15.41 

58.84 
15.04 

57.13 
18.37 

41.75 
34.24 

76.14 
10.56 

63.83 
19.04 

59.12 
18.58 

Foreign 

All  passenger  cars... .  . 

81.49 

79.38 

76.18 

78.27 

79.30 

67.83 

75.20 

73.88 

75.50 

75.99 

86.70 

82.87 

77.70 

Single-unit  trucks: 
Panel  and  pickup 

5.31 
.65 

7.16 
.34 

4.35 

1.18 

7.49 

.42 

6.89 
1.04 
7.91 
.35 

5.60 
1.04 
7.63 

.38 

5.32 
.42 

6.62 
.32 

12.11 
.57 

11.70 
.22 

7.05 

1.02 

9.79 

.26 

10.02 

.37 

7.90 

.18 

7.77 
.57 

8.35 
.26 

9.76 
.79 

6.99 
.36 

3.36 
.52 

3.54 
.54 

5.65 
.62 

4.77 
.48 

6.69 
.73 

7.49 
.33 

40.36 
4.38 

39.18 
1.45 

1.68 

.33 

22.36 

2.03 

Other  2-axle,  4-tire ... 

Other  2-axle,  6-tire 

3-axle 

All  single-unit  trucks- 

13.46 

13.44 

16.19 

14.65 

12.68 

24.60 

18.12 

18.47 

16.95 

17.90 

7.96 

11.52 

15.24 

85.37 

26.40 

Truck-tractor  and  semitrailer  combinations: 
3-axle 

3.58 
.15 
(') 

5.05 

1.06 

.01 

4.89 
1.29 

4.77 
1.03 
.01 

4.58 
2.14 
.23 

4.85 
.80 
.02 

3.33 

2.09 
.19 

4.65 

1.67 
.04 

4.34 
1.83 

.15 

1.74 
1.34 
.86 

.77 
.85 
1.36 

1.11 
1.02 
1.19 

3.92 
1.43 
.28 

10.43 

3.02 

.40 

45.86 
19.31 
4.46 

4-axle 

5-axle  or  more 

All  truck-tractor  and  semitrailer  combina- 
tions  

3.73 

6.12 

6.18 

5.81 

6.95 

5.67 

5.61 

6.36 

6.32 

3.94 

2.98 

3.32 

5.63 

13.85 

69.63 

Truck  and  trailer  combinations: 
4-axle  or  less 

.02 

.01 

.01 

.01 

.05 
.17 
.11 

(') 

.20 
0) 

.17 
.01 

.11 
.07 
.04 

.23 
.34 
.32 

.22 
.39 
.73 

.22 
.38 

.58 

.10 
.10 
.12 

.39 

.18 
.21 

.65 
1.46 
1.86 

5-axle 

6-axle  or  more _  

All  truck  and  trailer  combinations 

.02 

.01 

.01 

.01 

.33 

w 

.20 

.18 

.22 

.89 

1.34 

1.18 

.32 

.78 

3.97 

All  combinations. 

3.75 

17.21 

1.30 

100. 00 

6.13 

19.57 

1.05 

100.  00 

6.19 

22.38 

1.44 

100.00 

5.82 

20.47 

1.26 

100.  00 

7.28 

19.96 

.74 

100.00 

5.67 

30.27 

1.90 

100.  00 

5.81 
23.93 

.87 
100.00 

6.54 

25.01 

1.11 

100.  00 

6.54 
23.49 

1.01 
100.  00 

4.83 

22.73 

1.28 

100. 00 

4.32 

12.28 

1.02 

100.00 

4.50 
16.02 

1.11 
100. 00 

5.95 
21.19 

1.11 
100. 00 

14.63 
100. 00 

73.60 
100.00 

All  trucks  and  truck  combinations 

Busses..  

All  vehicles 

1  Less  than  0.005  percent. 


In  this  table  all  single-unit  trucks  are  divided 
into  classification  types  based  on  the  axle  and 
tire  arrangements,  while  the  truck  combina- 
tions are  classified  according  to  the  total 
number  of  axles  of  the  combination.  The 
classification  of  vehicles  into  these  types  has 
been  used  only  in  the  last  three  annual  sur- 
veys. It  has  several  advantages  over  the  old 
"light,  medium,  and  heavy"  grouping,  among 
which  are  more  homogeneous  groupings  and 
more  positive  identification  of  the  types. 


The  data  in  table  3  indicate  that  truck 
travel  in  1949  in  proportion  to  total  travel 
was  heaviest  in  the  East  South  Central  region 
and  next  heaviest  in  the  West  South  Central 
region.  Somewhat  different  figures  were 
found  in  1948:  the  West  South  Central  region 
then  had  the  highest  percentage  of  truck 
traffic,  followed  by  the  West  North  Central 
and  South  Atlantic  regions.  The  percentage 
of  truck  traffic  in  the  South  Atlantic,  East 
South    Central,    West    North    Central,    West 


South  Central,  and  Mountain  regions  ex- 
ceeded 20  percent  of  the  total  traffic  in  both 
1948  and  1949.  More  urbanized  areas,  such 
as  the  New  England,  Middle  Atlantic,  and 
Pacific  regions,  where  total  traffic  is  rather 
heavy,  have  the  smallest  percentage  of  truck 
travel.  The  table  indicates  that  certain  types 
of  vehicles  are  popular  in  some  sections.  For 
instance,  the  truck  and  trailer  combinations 
with  six  or  more  axles  and  the  truck-tractor 
and  semitrailer  combinations  with  five  or  more 
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Table  4.— Average  weights  (in  pounds)  of  loaded  and  empty  trucks  and  truck  combinations,  bv  vehicle  types,  in  the  summer  of  1949 


Vehicle  type 


Eastern  regions 


New 
Eng- 
land 


Middle 

At- 
lantic 


South 

At- 
lantic 


Aver- 
age 


Central  regions 


East 
North 
Central 


East 
South 
Central 


West 
North 
Central 


West       Aver 
South      AX 

Central      ate 


Western  regions 


Moun- 
tain 


Pacific 


Aver- 
age 


average 


V.  S.  average  by 
type  of  operation 


For- 


Average  Weights  of  Loaded  Vehicles 


Single-unit  trucks: 

Panel  and  pickup.. 

Other  2-axle,  4-tire _ 

Other  2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck -tractor  and  semitrailer 

Truck  and  trailer. 

Average _ 

Average,  all  trucks  and  truck  combinations 


4,901 

6,201 

14,343 

30, 595 

11,352 

37,158 
39,  471 
37, 174 

18,062 


5,409 

6,278 

15, 159 

33,  616 

12,  660 

42, 105 
Mi.yiii: 
12,  158 

23, 196 


4,756 
6,301 
13,  307 
27,675 
10,716 

37,  898 

(') 
37,  889 

19,152 


5,015 

6,281 

14, 196 

30,  716 

11,565 

39,  629 
48,  506 
39,  653 

20,  643 


5,041 
6,571 
13,007 
27,  734 
10, 339 

37,  322 
69, 361 

38,  482 

22,  638 


5,111 
6,974 
13,611 
28,635 
10, 879 

34,364 


34,  364 
17,  422 


5,154 
6,621 
13,  674 
25,  951 
10, 920 

39,135 
18, 109 
38,  462 

19,589 


5,907 
6,  883 
12,  959 
28, 101 
9,213 

36,  211 
18, 495 
35,719 

16,  560 


5,362 

6,677 

13,  294 

27,  433 

10,310 

37, 100 

47, 099 
37,397 

19,  774 


5,695 

7,133 

14,990 

26,  728 

11,486 

45,  621 
62,  642 
48,  009 

22,  446 


4,  521 

5,100 

5,242 

5,208 

6,702 

5,803 

6,302 

6,447 

6,358 

10,  221 

12,  262 

13,514 

13,614 

13,  233 

15,  789 

25,  635 

25,880 

28,  128 

27,  484 

29, 081 

10, 380 

10, 879 

10,  765 

10, 150 

16,  222 

48,  550 

47,  405 

39, 151 

37,  255 

40, 173 

58,  613 

59,  451 

55,  458 

42, 182 

64,  321 

51,411 

50,  227 

39, 999 

37,  543 

41,  427 

22,  781 

22,  643 

20, 432 

14,811 

35, 374 

Average  Weights  of  Empty  Vehicles 


Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Average .__ 

Truck  combinations: 

Truck -tractor  and  semitiailer. 

Truck  and  trailer 

Average 


Average,  all  trucks  and  truck  combinations. 


4,035 
5,074 
8,651 
17,169 
6,448 

20, 672 


20,  672 
8,811 


4,383 
4,992 
8,966 
15,  230 
6,895 

20,646 


20,646 
9,782 


3,851 
5,126 
7,310 
13,143 
5,424 


4,039 
5,048 
8,182 
14,  609 
6,108 


18,  787  19,  815 


18,  784 
7,694 


(') 
19,  814 

8,655 


3,971 
4,836 
7,668 
14,  500 
5,885 

19,588 
31,  825 
20, 389 

10,119 


4,078 
5,044 
7,728 
11,953 
5,  529 

16,  690 

i6,~690 

6,781 


4,205 
5,271 
8,059 
13,  585 
6,033 

20,  250 
12,393 
19,  906 

8,852 


4,446 
5,139 
7,692 
16, 187 
5,991 

18,  670 
15, 127 
18, 579 

8,673 


4,189 
5.102 
7,784 
14,  489 
5,864 

19,  094 
25, 124 
19,  330 

8,700 


4,141 
5,285 
8,285 
14,377 
5,553 

23,016 
29,  595 
24,722 

8,142 


3,824 
4,585 
7,482 
14,139 
5,572 

22, 103 
27,  837 
24,296 

8,832 


4,038 
4,  971 
7,978 
14,  225 
5,560 

22.  592 
28,523 
24,  503 

8,406 


4,121 
5, 057 
7,942 
14,483 
5,903 

19,  610 
27.142 
20,019 

8,648 


4,099 
5,018 
7,828 
14,519 
5,724 

19,088 
23.  806 
19,  314 

7,252 


4,784 
7,131 
8,636 
13,  644 
8,716 

19,  945 
29,630 
20,546 

16,484 


1  Data  omitted  because  of  insufficient  sample. 


axles  are  used  more  frequently  in  the  Pacific 
region  than  in  any  other  area.  Combinations 
involving  trailers  are  used  much  less  in  the 
East  South  Central  region  and  in  the  three 
eastern  regions.  The  percentage  of  travel  by 
all  combinations  has  increased  steadily  over 
that  in  the  previous  years'  samples,  this  per- 
centage being  5.95  in  1949,  5.84  in  1948,  5.73 
in  1947,  and  5.26  in  1946. 

Private  and  For-Hire  Traffic 

In  the  survey  conducted  in  1949  informa- 
tion was  gathered  in  most  of  the  participating 
States  concerning  the  use-classification  under 
which  each  vehicle  was  being  operated.  Data 
were  reported  separately  for  private  and  for- 


hire  vehicles  of  each  type,  showing  the  per- 
centage loaded  and  the  average  weight  of 
loaded  and  of  empty  vehicles.  The  opera- 
tion-use classification  of  each  of  the  heavy 
vehicles — those  with  one  or  more  axles  weigh- 
ing 18,000  pounds  or  more,  or  with  a  gross 
weight  of  26,000  pounds  or  more — generally 
was  designated.  This  information  made  pos- 
sible the  calculating  of  vehicle-mileages,  ton- 
mileages,  and  other  data  on  the  main  rural 
roads  by  the  various  types  of  trucks  and  truck 
combinations  privately  operated  and  operated 
for-hire. 

In  the  last  two  columns  of  table  3  are  shown 
the  percentage  distribution  of  travel  of  all 
privately   operated   and  for-hire   trucks   and 


combinations,  by  vehicle  type.  In  general 
the  lighter  types  of  vehicles  predominate  in 
the  private  classification  and,  conversely,  the 
heavier  vehicles  constitute  a  much  higher 
proportion  of  the  for-hire  vehicles.  This 
difference  is  very  noticeable  in  the  percentages 
for  the  light  panel  and  pickup  trucks  and  for 
the  heavy  three-axle  truck-tractors  with 
semitrailers.  Over  40  percent  of  the  privately 
operated  truck  travel  was  by  the  panel  and 
pickup  type,  while  less  than  2  percent  of  the 
for-hire  vehicle  travel  was  by  this  type.  On 
the  other  hand,  less  than  15  percent  of  the 
travel  of  all  privately  operated  vehicles  was 
by  truck  combinations,  while  of  the  for-hire 
travel  almost  74  percent  was  by  combinations. 
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Figure  4. — Travel  on  main  rural  roads,  1936-49,  by  loaded  and  by  empty  trucks  and  truck  combinations. 
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Table  5. — Comparison  of  estimated  vehicle-miles  of  travel  on  main  rural  roads  in  1936, 

1941,  1946,  1948,  and  1949 


Year 

All 
vehicles, 
vehicle- 
miles 

Passenger  cars 
and  busses  ' 

All  trucks  and 
truck  com- 
binations 

Single-unit 
trucks 

Truck  combina- 
tions        . 

Percent- 
age of 

all 
vehicles 

Vehicle- 
miles 

Percent- 
age of 

all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 

trucks 
and  truck 
combina- 
tions 

Vehicle- 
miles 

Percent- 
age of  all 

trucks 
and  truck 
combina- 
tions 

Vehicle- 
miles 

1936    

Millions 
88,412 

122,  505 
1.39 

124, 149 
1.01 
1.40 

147,  597 

159,  379 
1.08 
1.30 
1.80 

82.6 
80.3 

.97 
80.4 
1.00 

.97 
78.5 
78.8 
1.00 

.98 

.95 

Millions 
73, 005 

98,  320 
1.35 

99,  803 
1.02 
1.37 

115,  837 

125,  602 

1.08 

1.28 

1.72 

17.4 
19.7 

1.13 

19.6 

.99 

1.13 

21.5 

21.2 

.99 

1.08 

1.22 

Millions 

15,  407 

24, 185 

1.57 

24,  346 

1.01 

1.68 

31,  760 

33,  777 

1.06 

1.40 

2.19 

82.1 
78.8 
.96 
73.3 
.93 
.89 
72.9 
71.9 
.99 
.91 
.88 

Millions 

12,650 

19,057 

1.51 

17,  838 

.94 

1.41 

23, 138 

24,  295 

1.05 

1.27 

1.92 

17.9 
21.2 
1.18 
26.7 
1.26 
1.49 
27.1 
28.1 
1.04 
1.33 
1.57 

Millions 
2,757 
5,128 

1.86 
6,508 

1.27 

2.36 
8,622 
9,482 

1.10 

1.85 

3.44 

1941            .- -- 

1941:  1936  ratio 

1940 -     - 

1946:  19/tl  ratio ... 

1946:  1936  ratio 

1948                 - 

1949             

1949:  1948  ratio     ... 

1949:  1941  ratio 

1949:  1936  ratio _ 

Comparison 

FOR  TRU 

;ks  and  Truck  Combinations,  By  Type  of  Operation 

Private: 

1936               

78.8 
77.2 
.98 

21.2 
22.8 
1.08 

12, 140 

26,  077 

2.15 

3,267 
7,700 
2.36 

86.7 
91.6 
1.06 

13.3 
8.4 

.63 

10, 963 

22,  262 

2.03 

1,687 

2,033 

1.21 

42.7 

40.2 

.94 

57.3 
59.8 
1.04 

1,177 

3,815 

S.24 

1,580 
5,667 
3.69 

1949                  . 

1949:  1936  ratio 

For-hire: 

1936 

1949    . 

1949:  1936  ratio           



>  Percentages  of  total  1949  travel  by  passenger  cars  and  by  busses  are  reported  separately  in  table  3 


Average  Weights  Increase 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations,  separately 
and  combined,  are  shown  graphically  in  figure 

3  for  each  year  from  1942  to  1949,  inclusive, 
and  in  a  prewar  year,  generally  1936  or  1937. 
The  weights  of  single-unit  trucks,  both  loaded 
and  empty,  increased  each  year  from  the  1936- 
37  period  through  1945,  then  leveled  off  or 
decreased  slightly  each  succeeding  year.  At 
the  same  time  weights  of  truck  combinations, 
both  loaded  and  empty,  have  increased  each 
year  during  the  period  shown.  The  increase 
in  average  weight  of  loaded  combinations 
from  the  1936-37  period  to  1949  was  almost 
50  percent,  compared  to  only  12  percent  for 
single-unit  trucks.  The  increase  for  all  trucks 
and  truck  combinations  combined  was  57 
percent,  a  figure  higher  than  that  of  either 
type  separately,  because  of  the  increased 
proportion  of  combinations  in  the  latter  years. 

The  average  weights  of  the  various  types  of 
loaded  and  empty  trucks  and  truck  combina- 
tions in  the  summer  of  1949  are  shown  in  table 

4  for  the  different  regions.  This  table  brings 
out  clearly  the  important  differences  that  exist 
in  the  weight  characteristics  of  the  vehicles  in 
the  different  groups.  It  will  be  noted,  for 
example,  that  for  the  United  States  as  a  whole, 
the  loaded  three-axle,  single-unit  trucks 
weighed  about  twice  as  much  as  the  two-axle, 
six-tire  trucks  which,  in  turn,  weighed  about 
twice  as  much  as  the  two-axle,  four-tire  trucks. 
Similar  differences  existed  throughout  the 
various  classifications.  On  the  other  hand  the 
regional  differences  in  average  weight  for  each 
of  the  vehicle  types  that  are  common  through- 
out the  country  are  surprisingly  small.  The 
extremely  low  weights  of  truck  and  trailer 
combinations  in  the  West  North  Central  and 
West  South  Central  regions  indicate  a  pre- 
dominance of  small,  home-made  trailers  of 
low  capacity. 


The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations  operated 
privately  and  for-hire  in  the  summer  of  1949 
are  shown  in  the  last  two  columns  of  table  4. 
The  for-hire  vehicles,  when  compared  by 
types,  are  generally  heavier  than  those  oper- 


ated privately,  and  the  average  of  all  types 
of  for-hire  vehicles,  either  loaded  or  empty,  is 
more  than  twice  as  heavy  as  the  average  of 
the  privately  operated  vehicles.  It  was  shown 
in  table  3  that  the  largest  portion  of  the  pri- 
vate vehicles  consisted  of  the  small  single- 
unit  trucks  while  the  greater  portion  of  the 
for-hire  vehicles  consisted  of  the  heavy  truck 
combinations.  This  decided  difference  in  the 
distributions  of  sizes  of  vehicles  in  the  two 
operation  classes  accounts  for  the  great 
difference  between  their  average  weights. 

Truck  Travel  Again  Increases 

Figure  4  shows  a  comparison  of  the  esti- 
mated vehicle-mileage  of  travel  by  loaded  and 
empty  single-unit  trucks  and  truck  combina- 
tions, separately  and  combined,  on  main  rural 
roads,  for  each  year  from  1936  to  1949,  in- 
clusive. This  chart  demonstrates  graphically 
the  steady  growth  of  truck  traffic  during  the 
prewar  years,  1936-41,  the  temporary  effect 
of  wartime  restrictions  in  the  period  1942-45, 
and  the  remarkable  increases  in  truck  trans- 
portation that  have  occurred  since  the  end  of 
hostilities  in  1945. 

Table  5  shows  a  comparison  of  the  esti- 
mated vehicle-mileage  of  travel  by  vehicles 
of  different  types  on  all  main  rural  roads  in 
1936,  the  earliest  year  for  which  comprehen- 
sive weight  data  are  available;  in  1941,  the 
peak  prewar  year,  5  years  after  the  beginning 
of  the  surveys;  in  1946,  10  years  after  the 
beginning   of  the  surveys;   and   in   1948  and 
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Figure  5. — Average  load  carried  by  trucks  and  truck  combinations  on 
main  rural  roads,  1936-49. 
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1949.  The  ratios  of  1949  travel  to  that  of  the 
preceding  years  indicate  that  increases  for 
trucks  and  truck  combinations  generally 
were  greater  than  for  passenger  cars,  and  that 
increases  for  truck  combinations  were  greater 
than  for  single-unit  trucks.  In  the  13  years 
from  1936  to  1949,  passenger-car  and  bus 
travel  combined  increased  over  70  percent, 
travel  by  all  trucks  and  combinations  more 
than  doubled,  and  travel  by  truck  combina- 
tions (considered  separately)  more  than  tripled. 

The  lower  portion  of  table  5  shows  a  com- 
parison of  the  estimated  vehicle-mileage  of 
travel  in  1936  and  in  1949  by  privately  oper- 
ated trucks  and  combinations,  and  by  those 
operated  for-hire.  Travel  by  for-hire  vehicles 
increased  somewhat  more  than  travel  by 
private  vehicles,  the  1949:1936  ratio  being 
2.36  in  the  case  of  for-hire  vehicles  and  2.15 
in  the  case  of  private  vehicles.  Most  of  the 
increase  in  for-hire  vehicle  travel  was  by  truck 
combinations,  there  being  only  a  21-percent 
increase  in  the  for-hire  vehicle-mileage  by 
single-unit  trucks  compared  to  a  259-percent 
increase  by  combinations.  In  the  case  of  the 
private  vehicles,  on  the  other  hand,  there 
were  substantial  increases  in  the  vehicle- 
mileage  by  both  types. 

In  the  lower  portion  of  table  5,  incidentally, 
the  percentage  figures  refer  to  trucks  and 
truck  combinations  only;  for  example,  of  all 
single-unit  trucks,  in  1936,  86.7  percent  were 
in  private  operation  and  13.3  percent  for-hire. 

Volume  of  Highway  Freight 

Figure  5  gives  a  comparison  of  the  average 
load  carried  by  single-unit  trucks  and  truck 
combinations,  separately  and  combined,  in  the 
14  years  that  the  planning  surveys  have  been 
operating.  The  general  trend  of  load  weights 
was  upward  throughout  the  period.  The 
slight  decline  in  the  weights  of  loads  carried  by 
single-unit  trucks  since  1945  has  been  more 
than  offset  by  the  increased  use  of  combina- 
tions and  the  increased  weights  of  loads  carried 
by  vehicles  of  this  type. 

Figure  6  shows  a  comparison  for  each  year 
from  1936  through  1949  of  the  ton-mileage  of 
freight  carried  by  trucks  and  truck  combina- 
tions on  main  rural  roads.  The  chart  demon- 
strates clearly  that  truck  combinations  are 
transporting  each  year  a  larger  proportion  of 
the  total  amount  of  highway  freight.  In  1936 
the  truck  combinations  hauled  slightly  less 
ton-mileage  than  the  single-unit  trucks,  while 
in  1949  they  hauled  almost  two  and  one-half 
times  as  much.  The  rapid  rate  of  annual 
increase  in  total  freight  carried,  which  took 
place  in  the  years  immediately  following  the 
war,  has  been  reduced  in  the  last  two  years  to  a 
rate  of  increase  more  nearly  comparable  with 
that  of  prewar  years. 

In  table  6  is  shown  a  comparison  of  the 
percentage  of  vehicles  carrying  loads,  the 
average  carried  load,  and  the  ton-mileage 
carried  for  all  trucks  and  combinations,  for 
single-unit  trucks,  and  for  truck  combinations 
in  1949  and  the  other  significant  periods  used 
in  table  5.  The  trend  from  1936  to  1949  of 
average  weight  carried,  shown  graphically  in 
figure  5,  and  that  of  the  ton-mileage  trans- 
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1936-49. 


ported    during    the    same    period,    shown    in 
figure  6,  have  already  been  discussed. 

In  the  country  as  a  whole,  the  percentage 
of  trucks  and  truck  combinations  carrying 
loads  decreased  slightly  from  1948  to  1949. 
The  percentage  loaded  for  single-unit  trucks, 
for  truck  combinations,  and  for  the  two  types 
of  vehicles  combined  was  less  than  the  com- 


parable figures  for  1946,  when  the  downward 
trend  in  these  figures  that  had  been  maintained 
during  the  war  appeared  to  be  halted  tempo- 
rarily. Since  1946  the  trend  has  not  been 
clearly  defined,  for  these  percentages  increased 
slightly  in  1947  and  then  decreased  in  1948 
and  again  in  1949.  With  these  latest  de- 
creases   the    proportion    of    vehicles    loaded 
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Table  6. — Comparison  of  the  estimated  percentage  of  trucks  and  truck  combinations 
loaded,  average  carried  load,  and  ton-miles  carried  on  main  rural  roads  in  1936,  1941, 
1946,  1948,  and  1949,  and  similar  data  for  privately  operated  and  for-hlre  vehicles 


Yeai 


1936 

1941 

1941:1936  ratio 

1946 

1946:1941  ratio 

1946:1936  ratio 

1948 

1949 

1949:1948  ratio 

1949:1941  ratio 

1949:1930  ratio 

Privately    operated   trucks    and 
truck  combinations: 

1936 

1949 

1949:1936  ratio. 

For-hire  trucks  and  truck  combi- 
nations: 

1936 

1949 

1949:1936  ratio.... 


All  trucks  and  truck 
combinations 


Per- 
centage 
loaded 


02. 8 

66.7 

1.06 

51.7 

.78 

.82 

52.2 

51.6 

.99 

.77 


60.3 
47.6 
.79 


71.9 

65.1 

.91 


Aver- 
age 

weight 
of 

carried 
load 


Tons 

2.90 
3.64 
1.26 
4.84 
1.33 
1.67 
5.02 
5.11 
1.02 
1.40 
1.76 


2.20 
3.48 
1.58 


5.07 
9.16 
1.81 


Ton- 
miles 
carried 


Mil- 
lions 
28, 005 
58, 737 
2.10 
60, 892 
1.04 
2.17 
83,119 
89, 100 
1.07 
1.52 
3.18 


16,094 

43,231 

2.66 


11,911 

45, 869 

3.85 


Single-unit  trucks 


Per- 
centage 
loaded 


60.7 
65.4 
1.08 
46.4 
.71 
.76 
46.8 
46.1 
.99 
.70 
.76 


59.8 
45.3 
.76 


66.  4 
55.1 
.85 


Average 
weight 

of 

carried 

load 


Tons 

1.86 
2.29 
1.23 
2.31 
1.01 
1.24 
2.33 
2.29 
.98 
1.00 
1.23 


1.71 
2.10 
1.23 


2.73 
3.97 
1.1,5 


Ton- 
miles 
carried 


Mil- 
lions 
14,  258 
28,487 
2.00 
19, 101 
.67 
1.34 
25,  219 
25, 639 
1.02 
.90 
1.80 


11,180 

21.193 

1.90 


3,078 

4,446 

1.44 


Truck  combinations 


Per- 
centage 
loaded 


72.2 
71.6 

.99 

66.2 

.92 

.92 

66.5 

65.7 


65.5 

61.2 

.93 


77.3 
68.7 


Aver- 
age 

weight 
of 

carried 
load 


Tons 

6.90 
8.23 
1.19 
9.70 
1.18 
1.41 
10.10 
10.19 
1.01 
1.24 
1.48 


6.37 
9.43 
1.48 


7.23 
10.65 
1.47 


Ton- 
miles 
carried 


Mil- 
lions 
13,  747 
30,  250 
2.20 
41,791 
1.38 
3.04 
57, 900 
63, 461 
1.10 
2.10 
4.62 


4,914 
22, 038 


8,833 

41,423 

5.03 


reached  a  new  all-time  low  level,  only  46 
percent  of  the  single-unit  trucks  and  less  than 
66  percent  of  the  truck  combinations  being 
loaded  in  1949,  compared  to  61  percent  and 
72  percent,  respectively,  for  these  two  types 
of  vehicles  in  1936. 

The  lower  portion  of  table  6  shows  a  com- 
parison of  the  percentage  loaded,  average 
carried  load,  and  ton-mileage  for  single-unit 
trucks,  truck  combinations,  and  these  two 
types  of  vehicles  combined,  when  operated  as 
private  and  as  for-hire  vehicles.  An  appreci- 
ably larger  percentage  of  the  for-hire  vehicles 
are  loaded;  the  loads  carried  by  these  vehicles 
are  much  heavier;  and  the  average  carried 
loads  are  increasing  at  a  more  rapid  rate  than 
for  privately  operated  vehicles.  Single-unit 
trucks  transport  an  important  part  of  the 
freight  moved  in  privately  operated  vehicles, 
but  only  a  minor  part  of  the  freight  moved  by 
for-hire  trucks. 

The  first  part  of  table  7  gives  a  detailed 
comparison  of  the  percentage  of  vehicle-miles 
of  travel,  percentage  of  vehicles  loaded,  av- 
erage carried  load,  and  percentage  of  total 
ton-mileage  carried  by  the  various  types  of 
trucks  and  truck  combinations  traveling  on 
main  rural  roads  in  1948  and  1949.     Many 


interesting  comparisons  can  be  made  from 
this  table  showing  the  relative  importance 
from  a  freight-carrying  standpoint  of  different 
portions  of  the  traffic  stream.  In  1949,  for 
instance,  while  panel  and  pickup  trucks 
traveled  almost  32  percent  of  the  vehicle- 
mileage,  they  accounted  for  less  than  3  percent 
of  the  ton-mileage.  The  truck-tractor  and 
semitrailer  combinations  traveled  less  than  27 
percent  of  the  vehicle-mileage,  but  they 
carried  almost  66  percent  of  the  ton-mileage. 

From  the  columns  in  table  7  showing  the 
percentage  loaded,  by  types,  it  can  be  ob- 
served that  the  percentage  of  vehicles  carrying 
loads  increases  directly  as  the  size  of  the 
vehicle  type,  extending  from  the  light  panel 
and  pickup  trucks  that  are  loaded  36  percent 
of  the  time,  to  the  heavy  combinations  that 
are  loaded  over  65  percent  of  the  time. 

The  right-hand  portion  of  table  7  shows  the 
percentage  loaded,  average  carried  load,  and 
percentage  of  total  ton-mileage  carried  by 
various  types  of  privately  operated  tnncks  and 
truck  combinations  compared  to  those  oper- 
ated for-hire  on  the  main  rural  roads  in  1949. 
The  percentage  of  travel  (vehicle-mileage)  by 
these  types  is  given  in  table  3.  A  comparison 
of  vehicle-mileage  percentage  with  ton-mileage 


percentage,  by  operating  classes,  shows  that 
panel  and  pickup  trucks,  privately  operated, 
travel  over  40  percent  of  the  vehicle-mileage 
while  transporting  only  about  5  percent  of  the 
freight  moved  in  privately  operated  vehicles. 
At  the  same  time,  for-hire  panels  and  pickups 
travel  less  than  2  percent  of  the  total  for- 
hire  vehicle-mileage  and  carry  only  0.2  percent 
of  the  total  ton-mileage  moved  by  the  for-hire 
vehicles.  The  heavy-vehicle  combinations, 
privately  operated,  travel  about  15  percent 
of  the  total  mileage  and  carry  almost  51  per- 
cent of  the  freight  moved  by  privately  oper- 
ated vehicles,  while  the  for-hire  combinations 
travel  almost  74  percent  of  the  total  vehicle- 
mileage  of  all  such  vehicles  and  carry  over  90 
percent  of  the  freight  transported  by  all  the 
for-hire  trucks  and  combinations. 

Gross  Weights  Increasing  Slightly 

Figure  7  shows  for  the  United  States  as  a 
whole  the  frequency  of  gross  weights  by  years, 
from  the  prewar  years  (generally  1936  or  1937) 
to  1949,  of  30,000  pounds  or  more,  of  40,000 
pounds  or  more,  and  of  50,000  pounds  or  more. 
The  trend  of  frequency  of  heavy  loads  con- 
tinues upward  although  the  frequency  of 
50,000-pound  weights  was  slightly  less  in  1949 
than  in  the  previous  year.  The  frequency  of 
these  heaviest  loads  was  12  times  greater  in 
1949  than  in  the  prewar  year,  the  weights  of 
40,000  pounds  or  more  were  7  times  as  fre- 
quent, and  those  of  30,000  pounds  or  more 
were  Q/i  times  as  frequent  as  in  the  earliest 
years  of  the  surveys.  Vehicles  weighing 
30,000  pounds  or  more  and  40,000  pounds  or 
more  appear  in  greater  numbers  than  ever 
before,  whereas  the  number  of  those  in  the 
heaviest   group   declined   slightly. 

The  1949  gross- weight  frequency  data  by 
vehicle  type  and  region  are  presented  in  table 
8.  No  panels,  pickups,  or  other  two-axle, 
four-tire,  single-unit  trucks  were  found  in  the 
survey  weighing  as  much  as  30,000  pounds,  so 
there  is  no  entry  for  these  vehicles  in  the 
table,  though  they  are  included  in  the  total 
number  of  vehicles  weighed  in  computing  the 
frequencies  for  all  trucks  and  combinations. 
Heavy  gross  weights  are  much  more  frequent 
in  the  Pacific  region  than  in  other  parts  of  the 
country.  In  this  region  99  of  each  1,000 
trucks  and  truck  combinations  on  the  main 
rural  highways  in  1949,  empties  included, 
weighed   50,000  pounds  or  more.     This  fre- 


Table  7 .—Percentage  of  vehicle-miles  of  travel,  percentage  loaded,  average  carried  load,  and  percentage  of  total  ton-miles  carried  by 
various  types  of  trucks  and  truck  combinations  on  main  rural  roads  in  1949  compared  to  that  in  corresponding  months  of  194H 


Vehicle  type 

Percentage  of  ve- 
hicle-miles of 
travel 

Percentage 
loaded 

Average  carried 
load 

Percentage  of  ton- 
miles  carried 

Distribution  by  type  of  operation  in  1949 

Percentage 
loaded 

Average  carried 
load 

Percentage  of  ton- 
miles  carried 

1949 

1948 

1949 

1948 

1949 

1948 

1949 

1948 

Private 

For-hire 

Private 

For-hire 

Private 

For-hire 

Single-unit  trucks: 

Panel  and  pickup 

31.55 
3.46 

35.34 
1.58 

71.93 

26.57 

1.50 

28.07 

100.  00 

28.90 
3.59 

38.66 
1.70 

72.85 

25.35 

1.80 

27.15 

100.  00 

35.9 
49.4 
54.5 
54.8 
46.1 

65.8 
63.4 
65.7 

51.6 

36.7 
51.9 
53.6 
55.2 
46.8 

66.2 

70.2 
66.5 

52.2 

Tons 
0.64 
.78 
3.17 
7.23 
2.29 

9.95 
14.69 
10.19 

5.11 

Tons 
0.64 
1.24 
3.10 
6.57 
2.33 

9.83 
13.64 
10.10 

5.02 

2.75 

.50 

23.15 

2.38 

28.78 

65.91 
5.31 

71.22 

100. 00 

2.60 

.88 

24.51 

2.35 
30.34 

63.09 
6.57 
69.66 

100. 00 

35.72 
49.39 
54.40 
53.44 
45.30 

61.11 
63.60 
61.24 

47.63 

48.13 

47.75 
55.40 
58.09 
55.05 

68.98 
63.24 
68.67 

65.07 

Tons 
0.63 
.74 
3.06 
7.11 
2.10 

9.39 
10.08 
9.43 

3.48 

Tons 
1.42 
2.76 
3.82 
7.52 
3.97 

10.27 
17.75 
10.65 

9.16 

5.45 

.96 

39.28 

3.33 
49.02 

47.98 
3.00 
50. 98 

100. 00 

0.19 
.07 
7.94 
1.49 
9.69 

82.82 

7.49 

90.31 

100. 00 

Other  2-axle,  4  tire 

Other  2-axle,  6-tire 

3-axle 

All  single-unit  trucks. 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer  , 

All  truck  combinations. 

All  trucks  and  truck  combinations 
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Figure  7. — Number  of  heavy  gross  weights  per  1,000  trucks   and  truck  combi- 
nations (empties  included)  in  the  summers  of  1942-49  and  a  prewar  year. 


quency  is  the  same  as  was  found  in  1948  but 
is  slightly  lower  than  the  1946  figure  of  104 
for  each  1,000  in  this  heavy  category.  These 
heavy  vehicles  are  almost  entirely  of  the  com- 
bination type,  approximately  40  percent  of  all 
combinations  observed,  or  about  52  percent  of 
the  loaded  ones,  weighing  50,000  pounds  or 
more.  In  the  East  South  Central  region  these 
heavy  gross  weights  were  about  one-fifteenth 
as  frequent  as  in  the  Pacific  region,  while  in 
the  New  England,  South  Atlantic,  and  West 
South  Central  regions  the  heavy  weights  were 
one-fifth  as  frequent  as  in  the  Pacific  region. 

Frequency  of  Heavy  Axle  Loads 

Figure  8  shows  the  frequency  of  axle  loads 
of  18,000  pounds  or  more,  of  20,000  pounds 
or  more,  and  of  22,000  pounds  or  more,  by 
years  from  the  prewar  years  (1936-37)  to 
1949.  The  frequency  of  heavy  axle  loads 
increased  year  by  year  from  the  prewar  period 
through  1948.  The  frequencies  for  1949  are 
slightly  lower  than  those  found  in  the  previous 
year,  yet  are  higher  than  in  any  other  previous 
period  and  fit  very  closely  the  long-time  trend 
from  1942  through  1947.  Axle  loads  in  excess 
of  22,000  pounds  increased  in  frequency  from 
2  per  1,000  vehicles  in  the  prewar  period  to 
17  per  1,000  vehicles  in  1949,  an  increase  of 


750  percent.  Somewhat  lesser  increases  oc- 
curred in  the  frequencies  of  axle  loads  from 
18,000  to  20,000  pounds.  The  decline  in 
heavy  axle  loads  in  all  the  categories  from 
1948  to  1949,  coupled  with  the  decline  in 
frequency  of  the  heaviest  gross  loads  shown 
in  figure  7,  may  possibly  indicate  that  in- 
creased enforcement  activity  is  being  reflected 
in  better  law  observance.  One  year's  reversal 
in  trend  is  insufficient  to  warrant  conclusions. 
The  1950  survey  results  should  show  whether 
the  trend  will  continue  downward  from  1948 
or  resume  the  steady  upward  course  followed 
prior  to  that  year. 

Table  9  gives  data  concerning  the  number 
of  heavy  axle  loads  per  1,000  loaded  and 
empty  trucks  and  truck  combinations  of 
various  types  on  the  main  rural  roads  in  the 
summer  of  1949.  Since  no  panel  or  pickup 
trucks  were  found  with  axles  weighing  18,000 
pounds  or  more,  there  is  no  entry  for  these  in 
the  table,  though  they  are  included  in  figuring 
the  frequencies  for  all  trucks  and  truck 
combinations. 

Though  the  greatest  frequency  of  heavy 
gross  weights  is  in  the  Pacific  region,  as  shown 
in  table  8,  the  lowest  frequency  of  heavy  axle 
loads  is  in  this  same  region.  The  greatest 
frequency  is  in  the  Middle  Atlantic  region  and 


the  next  greatest  in  New  England.  In  these 
two  regions  the  relatively  high  frequency  is 
attributable  mainly  to  the  large  number  0f 
two-axle  truck-tractors  pulling  one-axle  or 
two-axle  semitrailers.  The  relative  infre- 
quency  of  heavy  axles  in  the  Pacific  region,  in 
the  presence  of  a  large  proportion  of  heavy 
gross  loads,  indicates  a  better  distribution  of 
the  loads  over  a  larger  number  of  axles. 

Loads  Above  Legal  Limits 

Table  10 6  shows  the  number  of  trucks  and 
truck  combinations  of  each  type,  per  1,000 
such  vehicles  counted,  empties  included,  that 
exceeded  the  permissible  axle,  axle-group,  or 
gross-weight  legal  limits  in  effect  in  the 
individual  States  in  the  summer  of  1949,  and 
the  number  per  1,000  that  exceeded  these 
limits  by  various  percentages.  Loads  in 
excess  of  the  State  legal  limits  were  most 
frequent,  as  in  1948,  in  the  East  North 
Central  region  where  it  was  found  that  63  of 
each  1,000  vehicles  exceeded  a  State  weight 
limit.  The  Middle  Atlantic  region  stood 
second  in  frequency  of  violations,  with  50 
vehicles  out  of  each  1,000  exceeding  a  load 
limit,  followed  closely  by  the  Mountain  region 
with  58  violations  per  1,000  vehicles. 

A  comparison  of  the  frequency  of  loads 
exceeding  State  legal  limits  in  1949,  shown  in 
table  10,  with  similar  data  collected  in  the 
previous  year,  indicates  that  these  excessive 
loads  have  decreased  in  all  areas  except  the 
Mountain  and  Pacific  regions.  In  the  Moun- 
tain region  the  frequency  increased  45  percent, 
while  in  the  Pacific  region  the  increase  was 
about  9  percent.  For  the  country  as  a  whole, 
excessive  loads  in  1949  were  slightly  less 
frequent  than  in  1948  but  slightly  more  than 
in  1947.  No  panel  or  pickup  truck  was 
weighed  that  exceeded  any  of  the  State  weight 
regulations  and  this  classification  is  omitted 
from  the  tables  although  the  number  of 
such  vehicles  counted  is  included  in  the 
calculations. 

Recommended  Weight  Limits 

Uniform  regulations  concerning  maximum 
allowable  gross  weights,  axle  weights,  and 
axle-group  weights  have  been  adopted  as  a 
policy  by  the  American  Association  of  State 
Highway  Officials  and  recommended  to  the 
State  governments  for  adoption.7  This  policy 
recommends  that  no  axle  shall  carry  a  load  in 
excess  of  18,000  pounds  and  no  group  of  axles 
shall  carry  a  load  in  excess  of  amounts 
specified  in  a  table  of  permissible  weights  based 
on  the  distance  between  the  extremes  of  any 
group  of  axles. 

In  table  11  is  shown  the  number  of  axles  per 
1,000  vehicles  of  various  types  that  exceeded 
the  axle-load  limit  of  18,000  pounds  recom- 
mended by  the  A.A.S.H.O.  and  the  number 
exceeding  these  limits  by  various  percentages. 


•  Tables  10-14  are  on  pages  96-98. 

7  Policy  concerning  maximum  dimensions,  weights,  and 
speeds  of  motor  vehicles  to  be  operated  over  the  highways  of  the 
United  states,  adopted  April  1,  1946,  by  the  American  Asso- 
ciation of  State  Highway  Officials;  published  by  the  Associa- 
tion in  1946. 
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Table  8. — Heavy  gross  weights  per  1,000  loaded  and  empty  trucks  and  truck  combinations  on  main  rural  roads,  summer  of  1949 


Vehicle  type  ' 


Eastern  regions 

Central  regions 

Western  regions 

New- 
Eng- 
land 

Middle 
Atlan- 
tic 

South 
Atlan- 
tic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

United 
States 
average 


Number  Per  1,000  Weighing  30,000  Pounds  or  More 


Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average.. 

Truck  combinations: 

Truck-tractor  and  semitrailer. 

Truck  and  trailer ._ 

Average 


Average,  all  trucks  and  truck  combinations. 


16 

19 

3 

11 

(2) 

W 

(2) 

2 

1 

6 

w 

4 

286 

371 

245 

309 

221 

298 

212 

231 

229 

206 

208 

207 

16 

22 

8 

14 

6 

3 

3 

3 

4 

7 

14 

10 

475 

595 

498 

539 

521 

458 

517 

434 

492 

569 

644 

612 

(3) 
476 

(3) 
596 

(3) 
498 

789 
534 

0 

457 

82 
502 

53 
424 

495 
492 

783 
613 

722 
668 

739 
647 

540 

117 

191 

130 

153 

20S 

87 

139 

107 

144 

118 

176 

147 

5 
253 


520 
657 
528 

148 


Number  Per  1,000  Weighing  40,000  Pounds  or  More 


Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer. 

Truck  and  trailer _ ± 

Average 


Average,  all  trucks  and  truck  combinations. 


1 

137 
4 

1 

157 

5 

0 

40 

1 

107 
3 

0 

34 

1 

0 
0 
0 

14 

0 
112 

1 

0) 

38 

1 

(>) 

69 

1 

0 
12 
1 

(») 

28 

1 

287 
(3) 
289 

390 
(3) 
391 

285 
(') 
285 

332 

262 

512 
274 

189 

0 

189 

293 

67 
285 

221 

31 

215 

250 
323 
252 

380 
461 
397 

481 
523 
494 

438 

506 
456 

333 

66 

120 

71 

90 

105 

36 

77 

54 

73 

75 

121 

97 

(») 

61 
1 

297 
448 
305 

82 


Number  Per  1,000  Weighing  50,000  Pounds  or  More 


Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck -tractor  and  semitrailer. 

Truck  and  tiailer 

Average 


Average  all  trucks  and  tmck  combinations. 


0 
6 

(2) 

69 
0 
69 

15 


0 

15 

1 

170 

(3) 
171 

52 


0 

4 

(2) 

87 
(3) 
87 

21 


0 
9 

(2) 

122 


123 
33 


0 

21 

1 

109 

455 
125 


0 
0 
0 

28 
0 

28 


0 
0 
0 

124 
31 

120 

32 


0 
0 
0 

75 
10 
74 

18 


0 
10 

(2) 

94 
278 
100 

29 


(•) 
14 

m 

243 
381 
271 

51 


0 
2 

(2) 

382 
470 
409 

99 


(2) 

5 

(2) 

323 
446 
356 

75 


(') 

9 

(') 

127 
392 
141 

36 


■  No  two-axle,  four-tire  trucks  weighing  as  much  as  30,000  pounds  were  reported. 
1  Data  oinitied  because  of  insufficient  sample. 


'  Less  than  5  per  10,000. 
Table  9. — Heavy  axle  loads  per  1,000  loaded  and  empty  trucks  and  truck  combinations  on  main  rural  roads  in  the  summer  of  1949 


Vehicle  type ' 


Eastern 

regions 

Central  regions 

Western  regions 

New 
Eng- 
land 

Middle 

At- 
lantic 

South 

At- 
lantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

United 
States 
average 


Number  Per  1,000  Weighing  18,000  Pounds  or  More 


Single-unit  trucks: 

2-axle,  4-tire. 

2-axle,  6-tire .-. 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer. 

Average 

Average,  all  trucks  and  truck  combinations. 

Single-unit  trucks: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle.. 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer.. _ 

Average - 

Average,  all  trucks  and  truck  combinations. 

Single-unit  trucks: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average — 

Average,  all  trucks  and  truck  combinations 


0 

2 

2 

2 

0 

0 

0 

0 

0 

0 

0 

0 

46 

58 

23 

40 

10 

18 

10 

11 

12 

34 

14 

24 

116 

169 

55 

116 

67 

33 

11 

56 

48 

71 

4 

23 

27 

38 

13 

24 

7 

9 

5 

5 

6 

15 

7 

11 

471 

566 

361 

462 

206 

238 

179 

198 

203 

252 

147 

192 

0 
468 

(2) 
567 

0 
361 

578 
223 

0 
237 

50 
175 

10 
193 

355 
208 

188 
239 

106 
135 

128 
175 

462 

124 

195 

99 

140 

89 

50 

50 

51 

63 

57 

37 

48 

1 

23 
67 
13 

290 
210 
286 


Number  Per  1,000  Weighing  20,000  Pounds  or  More 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

27 

36 

9 

23 

4 

6 

2 

3 

3 

18 

3 

10 

40 

69 

27 

48 

32 

0 

0 

0 

15 

58 

0 

16 

15 

22 

5 

13 

3 

3 

1 

1 

2 

8 

1 

5 

281 

341 

172 

257 

60 

86 

42 

72 

62 

113 

28 

64 

0 
280 

(2) 
342 

0 
172 

211 

67 

0 

86 

14 
41 

0 
70 

128 
64 

44 
99 

8 
22 

18 
52 

257 

73 

118 

46 

78 

27 

18 

12 

18 

20 

26 

6 

16 

0 

11 

28 


129 
61 
125 

38 


Number  Per  1,000  Weighing  22,000  Pounds  or  More 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

16 

17 

4 

11 

1 

2 

1 

1 

1 

9 

1 

5 

0 

29 

8 

17 

29 

0 

0 

0 

14 

24 

0 

7 

9 

11 

2 

6 

1 

1 

(3) 

(3) 

1 

4 

(3) 

2 

120 

193 

66 

127 

19 

22 

8 

24 

18 

46 

5 

22 

0 

0 

0 

0 

91 

0 

12 

0 

57 

23 

4 

9 

120 

192 

66 

127 

22 

22 

8 

23 

20 

41 

5 

19 

33 

65 

18 

39 

9 

5 

3 

6 

6 

11 

2 

6 

25 

54 


1  No  panel  or  pick-up  trucks  with  an  18,000-pound  axle  load  were  reported. 
»  Less  than  5  per  10,000. 


3  Data  omitted  because  of  insufficient  sample. 
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This  table  emphasizes  again  the  high  fre- 
quency of  heavy  axle  loads  in  the  Middle 
Atlantic  and  New  England  regions.  The 
number  of  axles  per  1,000  vehicles  weighing 
more  than  the  recommended  limits  was  175  in 
the  Middle  Atlantic  and  109  in  the  New 
England  regions,  while  only  31  such  axles  for 
each  1,000  vehicles  were  found  in  the  Pacific 
region.  For  the  United  States  as  a  whole 
axle  loads  heavier  than  18,000  pounds  were 
about  12  percent  less  frequent  in  1949  than  in 
1948,  although  almost  14  percent  more  fre- 
quent than  in  1947. 

Table  12  shows  the  number  of  vehicles  of 
various  types  per  1,000  with  an  axle-group 
load  in  excess  of  the  limits  recommended  by 
the  A.A.S.H.O.  and  in  excess  of  these  limits 
by  various  percentages.  For  the  country  as 
a  whole,  of  each  1,000  loaded  and  empty 
trucks  and  truck  combinations,  28  had  axle- 
group  loads  8  weighing  in  excess  of  the  recom- 
mended limits,  7  of  which  exceeded  the  limits 
by  more  than  20  percent.  Of  each  1,000 
combinations  weighed,  98  had  axle-group 
loads  weighing  more  than  the  recommended 
limits,  of  which  24  exceeded  the  limits  by  more 
than  20  percent.  The  frequency  of  the 
excessive  axle-group  loads  in  1949  was  about 
7  percent  less  than  in  1948  and  12  percent 
above  the  1947  frequency. 

As  might  be  expected,  many  vehicles  were 
so  loaded  that  they  exceeded  more  than  one 
recommended  weight  limit,  and  some  vehicles 
had  more  than  one  axle  loaded  in  excess  of 
the  recommended  limit.  Counting  each  vehi- 
cle only  once,  regardless  ■  of  the  number 
of  ways  in  which  it  exceeded  any  of  the 
A.A.S.H.O.  recommended  limits,  table  13 
was  derived  to  show  the  number  of  vehicles 
per  1,000  of  each  type,  both  loaded  and 
empty,  that  exceeded  the  limits  by  various 
percentages.  Those  vehicles  which  exceeded 
more  than  one  provision  of  the  recommended 
restrictions  were  tabulated  in  the  column 
showing  the  highest  percentage  excess  only 
of  any  item. 

In  the  United  States  as  a  whole,  68  vehicles 
out  of  every  1,000  were  overloaded  to  some 
degree,  and  19  out  of  every  1,000  exceeded 
some  one  of  the  provisions  by  more  than  20 
percent.  The  frequency  of  vehicles  exceeding 
the  recommendations  by  any  amount  in  1949 
was  7  percent  less  than  in  1948  and  about  15 
percent  greater  than  in  1947. 

In  considering  the  data  concerning  the 
frequencies  of  axles  or  vehicles  exceeding  the 
State  legal  limits  and  the  A.A.S.H.O.  recom- 
mendations, especially  the  frequencies  in  the 
Middle  Atlantic  and  New  England  regions, 
the  fact  should  be  recognized  that  higher 
limits  generally  are  permissible  under  the 
State  laws  in  this  area  than  are  recommended 
by  the  Association.  Axles  exceeding  the  recom- 
mended limits  by  25  percent  may  be  within 


100 


I949 


Figure  8. — Number  of  heavy  axle  loads  per  1,000  trucks  and  truck  combinations 
{empties  included)  in  the  summers  of  1942-49  and  a  prewar  year. 


'  The  frequency  of  28  vehicles  of  each  1,000  weighed  that 
exceeded  the  A.A.S.H.O.  axle-group  recommendation, 
found  in  the  final  analysis  of  these  data  as  shown  in  table  12, 
Is  slightly  larger  than  the  frequency  of  2.66  percent  (or  26 
per  1,000)  found  in  the  preliminary  analysis  reported  to  the 
Subcommittee  of  the  Seriate  Committee  on  Interstate  and 
Foreign  Commerce. 


the  legal  limits  of  certain  States,  particularly 
in  these  two  regions.  Some  States  have  no 
axle  limits  or  axle-group  limits  in  their  motor- 
vehicle  restrictions,  a  fact  that  complicates 
direct  comparison  of  excess  weights  based  on 
law  and  those  based  on  the  recommendations. 
Comparison  of  the  frequency  data  given  in 
table  13  with  those  in  table  10  shows  that 
from  one-third  to  one-half  of  the  vehicles 
exceeding  one  or  more  of  the  Association 
recommendations  actually  exceeded  a  State 
legal  limit. 

For-Hire    Vehicles   More   Frequently 
Overloaded 

The  first  part  of  table  14  shows  the  number 
of  privately  operated  trucks  and  truck  com- 
binations and  those  operated  for-hire,  for 
each  1,000  such  loaded  and  empty  vehicles, 
on  main  rural  roads  of  the  United  States, 
that  exceeded  some  State  legal  weight  limit 
in  1949.  A  comparison  of  the  frequency  of 
the  excessively  loaded  vehicles  in  the  two 
operation  classifications  shows,  in  a  striking 
manner,  that  type  by  type,  the  for-hire 
vehicles  generally  are  more  frequently  over- 
loaded than  are  the  privately  operated  ones. 


For  instance,  6  of  each  1,000  private  single- 
unit  trucks  exceeded  a  State  weight  limit 
while  27  of  each  1,000  for-hire  trucks  exceeded 
the  same  limits.  Likewise,  146  of  each  1,000 
private  truck  combinations  exceeded  State 
weight  limits,  while  168  of  each  1,000  for-hire 
combinations  exceeded  the  same  limits. 

Of  each  1,000  vehicles,  the  frequencies  of 
all  private  and  all  for-hire  trucks  and  truck 
combinations  exceeding  the  State  limits  were 
26  and  131,  respectively.  In  other  words, 
there  were  five  times  as  many  excess  loads 
among  the  for-hire  vehicles  as  among  the 
privately  operated  ones.  This  is  as  would  be 
expected,  because  the  heavier  vehicles  are 
operated  more  frequently  for-hire  and  the 
lighter  ones  for  private  transportation. 

The  following  parts  of  table  14  show 
frequencies  of  private  and  for-hire  trucks 
and  truck  combinations  exceeding  the 
A.A.S.H.O.  recommended  limits  for  axle 
loads,  for  maximum  axle-group  loads,  or  for 
any  of  the  recommended  maximum  loads. 
This  table  shows,  in  general,  that  the  relation 
of  the  frequency  of  overload  of  privately 
operated  and  of  for-hire  vehicles  is  the  same 
when  based  on  A.A.S.H.O.  recommendations 
or  on  State  legal  limits. 
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Table  10. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  the  permissible  axle, 
axle-group,  or  gross-weight  legal  limits  in  effect  in  the  States 
by  various  percentages  (maximum)  of  overload,  summer  of  1949 


Table  11.— Number  of  axles,  per  1,000  loaded  and  empty  trucks 
and  truck  combinations,  that  exceeded  the  permissible  axle- 
load  limit  of  18,000  pounds  recommended  by  the  A.A.S.H.O.  by 
various  percentages  of  overload  in  the  summer  of  1949 


Region  and  type  of  vehicle 
(panel  and  pickup  trucks  excluded) 

Number 
per  1,000 
over- 
loaded 

Number  per 

1,000  overloaded  more 
than — 

Region  and  type  of  vehicle 
(panel  and  pickup  trucks  excluded) 

Number 
per  1,000 
over- 
loaded 

Number  per 

1,000  overloaded  more 
than— 

5  per- 
cent 

10  per- 
cent 

20  per- 
cent 

30  per- 
cent 

50  per- 
cent 

5  per- 
cent 

10  per- 
cent 

20  per- 
cent 

30  per- 
cent 

50  per- 
cent 

New  England: 

2-axle,  4-tire 

15 

85 
10 
91 

"91" 

28 

21 

209 

18 

147 

m 

149 

59 

1 

14 

41 

8 

169 

"i(S9" 

53 

7 
72 

5 
156 
316 
163 

63 

9 
13 
66 

7 
162 

"l62~ 

36 

7 
56 
5 
179 
20 
173 

46 

10 

4 

153 

10 

149 

42 

2 

34 

63 

15 

215 

233 

218 

58 

6 

18 

4 

116 

171 

133 

49 

1 
13 
75 
8 
158 
193 
160 

51 

55 
46 

"12 

76 
8 
53 

"53 

18 

"13 

178 

13 

102 

(?) 

104 
42 

1 

10 

27 

6 

110 

iio 

35 

"S 

69 

4 

106 

226 

112 

43 

9 

7 

43 

4 

118 

iis 

25 

"2 
37 
2 

123 
16 

119 

30 

"7 

"3 

115 

10 

112 

31 

2 
31 
55 
13 
167 
179 
169 

46 

"I 

7 

2 

63 

50 

59 

22 

1 
9 
61 
6 
109 
107 
109 

35 

38 
34 

"7 

57 

5 

34 

34 

11 

~~9 

115 
9 

73 
(?) 

75 

30 

1 
7 

11 
4 

70 

~70 
22 

~3 
66 
3 

65 
117 
70 

27 

4 
4 
11 
2 

81 

"81 
17 

"i 

24 
1 

76 
8 
74 

19 

"~4 

"2 

76 

"74 

21 

2 
19 
48 
8 
120 
121 
120 

32 

"2 
1 

1 

36 
16 
30 

11 

1 

6 

42 

4 

71 
70 
71 

23 

26 
23 

"4 
11 
2 
12 

"l2 

4 

~3 
66 
4 

38 

"38 

15 

1 
2 
8 
1 
24 

"24 

7 

"l 

43 
2 
28 
98 
31 

13 

4 
2 

"i 

26 
26 
6 

"i 

8 
1 

29 
6 

28 

8 

"i 

'(') 

31 

"30 

8 

2 
11 

38 
5 
64 
69 
65 

18 

"i 
(?) 

0) 

9 
2 

7 

2 

(') 
2 
24 
2 
29 
33 
29 

10 

12 
10 

"i 

6 
1 
5 

"5 

2 

"i 

28 

1 

24 

"24 

8 

"i 

(>) 
11 

"ii 

7 

(')" 

29 
1 
13 
40 
14 

6 

4 
1 

~"i 

9 

"9 

2 

"12 

"12 

3 

"ii 

"ii 

3 

2 

7 
34 
4 

27 
26 
27 

9 

""i 

"(') 
3 

0) 
2 

1 

(') 

1 

13 

1 

13 
12 
13 

4 

6 
4 

1 
.... 

0) 

Y')~ 
'(>)' 

6 

"¥ 

2 

"("')" 
1 

.... 

(') 

"26" 

0 

2 

25 
3 

1 

.... 
.... 

(?) 

.... 
.... 

(») 

"~5~ 

""5" 

1 

Y-J" 

"(■)" 
5 

15 

7 

1 
.... 

"«" 

(') 

"("'}" 
(') 

"("'")" 

4 
(') 

3 

8 

3 

1 

1 
1 

New  England: 

2-axle,  4-tire     

2-axle,  6-tire 

44 
91 
26 

403 
(') 
408 

109 

1 
54 

176 
36 

480 
(?) 

481 

175 

1 

17 

55 

10 

.    299 

"299" 

90 

7 
34 

5 
165 
406 
176 

67 

9 
13 
33 

7 
191 

"I9T 

41 

7 
21 

4 
168 

9 
102 

42 

10 

4 

180 

10 

175 

49 

2 
33 

67 

14 

216 

132 

201 

54 

6 
2 
3 

70 
113 

83 

31 

1 

19 

57 

11 

242 

168 

238 

75 

85 
PR 

35 

46 
20 

337 
(') 

343 

90 

1 
47 
129 
30 
384 
(') 
385 

141 

1 

13 

41 

7 

229 

229 

68 

"5 
34 
3 
104 
247 
111 

42 

9 
7 
11 
4 
131 

131 

28 

"2 
10 

1 
94 

9 
91 

23 

"7 

"3 

122 

10 

119 

33 

2 
31 
67 
14 

158 
75 

143 

41 

"4 

"2 

37 
40 
38 

15 

1 

15 

43 

8 

175 

92 

171 

54 

63 
40 

"30 
33 

17 
259 

(') 
261 

70 

40 
70 
24 

312 
(') 

313 

115 

1 

9 

27 

5 

160 

160 

48 

"3 

31 
2 
60 
151 
64 

25 

4 
4 

"2 

79 

"79 
16 

"i 

2 

1 

51 
5 
49 

13 

"i 

"2 

73 

"71 
20 

2 
19 
67 

9 
112 
39 
99 

28 
"2 

"i 

16 
12 
14 

6 

1 

11 

28 

6 

122 

50 

118 

37 

45 

"l9 

~io 

118 
il7 
33 

21 

35 
13 
177 
(') 
177 

64 

"~3 

8 

2 

62 

"62 

19 

1 

28 
1 
22 
63 
24 

9 

4 
2 

"  i 
22 

"22 

5 

(?) 
2 

(2) 

14 

4 
14 

3 

"i 
"(?) 

27 
"26 

7 

2 
11 
27 

5 
51 
IS 
44 

13 

"i 

m 
3 
2 
3 

1 

(?) 

6 
14 
3 

55 
17 
53 

17 

23 
15 

"ii 

~6 
44 

"44 

14 

"9 
21 

6 
89 

"89 

32 

"2 

"i 

21 

"a 

7 

"26 

1 
8 
17 
8 

4 

4 

1 

"  i 

7 

"7 
2 

"5 

"  6 
1 

"ii 

"ii 
3 

2 

7 

13 
3 
21 

7 
18 

6 

"i 

m 

1 

(?) 
1 

(?) 

(?) 
3 

8 
2 

24 
4 

23 

8 

11 

7 

"T 

"2 

4 

"4" 
2 

"2" 

7 

1 

24 
24 
8 

"(?y 

'(')* 

3 

"3" 
1 

.... 
.... 

m 

.... 
.... 

(?) 

.... 
.... 

(?) 

"2" 

"2 

1 

"(>)" 

"(JV 

4 
2 
4 

1 

.... 

"(Y)~ 
(2) 

"(?)' 

(?) 

'(?)" 

1 

(?) 
5 

(?) 

5 

1 

2 
1 

3-axle 

3-axle..  

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer.        ...  

Average,  truck  combinations. 
Average,  all  trucks  and  corn- 

Average,  sjngle-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer.     . 

Average,  truck  combinations... 
Average,  all  trucks  and  combina- 
tions.  

Middle  Atlantic: 

2-axie,  4-tire     

Middle  Atlantic: 
2-axle,  4-tire     . 

2-axle,  6-tire 

3-axle.     ... 

Average,  single-unit  trucks.. 
Truck -tractor  and  semitrailer.. 
Truck  and  trailer  . 

Average,  truck  combinations. 
Average,  all  trucks  and  corn- 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer .  ._  . 

Average,  truck  combinations. . 
Average,  all  trucks  and  combina- 
tions..  

South  Atlantic: 

South  Atlantic: 
2-axle,  4-tire 

2-axle,  6-tire .. 

3-axle 

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer..     ...   

Average,  truck  combinations- 
Average,  all  trucks  and  corn- 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations.. 
Average,  all  trucks  and  combina- 
tions...  

East  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

East  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire  

3-axle 

Average,  single-unit  trucks.. 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer. .               

Average,  truck  combinations- 
Average,  all  trucks  and  corn- 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer.        

Average,  truck  combinations. . 
Average,  all  trucks  and  combina- 
tions  

East  South  Central: 

East  South  Central: 
2-axle,  4-tire. 

2-axle,  6-tire 

2-axle,  6-tire       

3-axle.. 

Average,  single-unit  trucks.. 
Truck-tractor  and  semitrailer. . 
Truck  and  trailer 

Average,  truck  combinations. 
Average,  all  trucks  and  com- 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations.. 
Average,  all  trucks  and  combina- 
tions   .  .     .  .  

West  North  Central: 

2-axle,  4-tire    

West  North  Central: 

2-axle,  4-tire. 

2-axle,  6-tire     .    

3-axle 

3-axle 

Averaee,  single-unit  trucks.. 

Truck-tractor  and  semitrailer. . 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

West  South  Central: 

2-axle,  4-tire 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer..  .  ._     ...  ... 

Average,  truck  combinations. . 
Average,  all  trucks  and  combina- 
tions  

West  South  Central: 

2-axle,  4-tire     .  .  . 

2-axle,  6-tire .  . 

3-axle. 

Average,  sinele-unit  trucks.. 

Truck -tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Averaee,  all  trucks  and  com- 
binations      . 

Mountain: 

3-axle -.  .     -. 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer...     

Average,  truck  combinations. . 
Average,  all  trucks  and  combina- 
tions  __  __  ...  .. 

Mountain: 
2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks.. 
Truck -tractor  and  semitrailer.. 
Truck  and  trailer 

Average,  truck  combinations. 
Averaee,  all  trucks  and  com- 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer    

Average,  truck  combinations.. 
Average,  all  trucks  and  combina- 

Paciflc: 

2-axle,  4-tire.. 

2-axle,  6-tire ...  .. 

3-axle.  

Pacific: 

2-axle,  4-tire .  ... 

2-axle,  6-tire 

Average,  single-unit  trucks.. 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer 

Average,  single-unit  trucks 

Truck -tractor  and  semitrailer 

Average,  truck  combinations. 
Average,  all  trucks  and  com- 
binations  . 

Average,  truck  combinations.. 
Average,  all  trucks  and  combina- 
tions   

United  States  average: 

United  States  average: 

2-axle,  4-tire 

2-axle,  6-tire 

2-axle,  6-tire     

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer. 

Average,  truck  combinations. . 
Average,  all  trucks  and  combina- 
tions  

Average,  1948 

Average,  1947— . 

3-axle  ..  

Average,  single-unit  trucks.. 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer.  .  

Average,  truck  combinations. 
Average,  all  trucks  and  com- 
binations  

Average,  1948 

Averaee,  1947 

1  Less  than  5  per  10,000. 


J  Data  omitted  because  of  insufficient  sample. 


1  Data  omitted  because  of  insufficient  sample. 


1  Loss  than  5  per  10.000. 
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Table  12. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  the  permissible  axle- 
group  loads  recommended  by  the  A.A.S.H.O.  by  various  per- 
centages of  overload  in  the  summer  of  1949 


Table  13. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  any  of  the  permis- 
sible load  limits  recommended  by  the  A.A.S.H.O.  by  various 
percentages  (maximum)  of  overload  in  the  summer  of  1949 


Region  and  type  of  vehicle 
(panel  and  pickup  trucks  excluded) 

Num- 
ber  per 
1,000 
over- 
loaded 

Number  per  1,000  overloaded  more 
than— 

5  per- 
cent 

10  per- 
cent 

20  per- 
cent 

30  per- 
cent 

50  per- 
cent 

New  England: 

2-axle,  4-tire ...  .. 

2-axle,  6-tire.  _ 

1 

106 

3 

68 

(2) 

71 

18 

1 

157 

5 

142 

o 

144 
49 

62 
1 

54 

"""si 

16 

48 
1 

98 
425 
113 

42 

11 
(') 

25 

"""25 
5 

15 

CO 

83 

16 
81 

20 

"~~52 
10 
51 

13 

(') 
53 
1 
160 
246 
176 

38 

11 

1 

143 

258 

179 

64 

CO 

58 

1 

89 

260 

98 

28 

30 
25 

"l 

81 
3 
42 
(2) 
45 

12 

129 

4 

102 

(2) 
104 

35 

"34 

1 

39 

"39 

12 

"35 
1 

75 
407 
90 

33 

"15 

~15 

3 

"8 

CO 

58 

6 

56 

14 

"36 
10 
35 

9 

CO 

50 

1 

122 
185 
134 

29 

"s 

(0 

111 
178 
132 

46 

(0 

43 

1 

65 

207 

73 

21 

22 

1!) 

~"i 

48 
2 
24 
(2) 
27 

7 

112 
3 

73 
(2) 

75 

26 

"21 
(') 
29 

"29 

8 

"35 

1 

50 

374 

65 

24 
"9 

"5 

2 

"s 

(0 

36 

6 

35 

9 

"22 
10 

22 

6 

"CO 
38 

1 
92 
126 
98 

22 

"7I 

74 
72 

25 

"CO 
34 

1 
44 
140 
49 

14 

16 

12 

"(')" 
24 
1 
10 
(2) 
14 

4 

"45 

1 

41 

41 

14 

"ii 

(') 

16 

"l6 

4 

"29 

1 
25 
293 
37 

14 

""2 
"2 

(') 

"ii 

2 

11 

3 

"ii 
10 
11 

3 

"33 

1 

43 
47 
44 

10 

"22 
5 

17 
6 

CO 

19 
(0 
21 

72 
24 

7 

7 
5 

""6 
(') 

4 
(2) 

8 

2 

"l4 

(') 
25 

25 

8 

"8 

CO 

9 

"9 

3 

"29 
1 

11 
191 

19 

8 

""i 
"i 

(') 

"4 

"""4 
1 

"~6 
10 
6 

2 

"is 

(') 
19 
29 
21 

4 

"5 

(0 

3 

1 

16 
(0 
10 

46 
12 

3 

"(0~ 
CO 

""7 
(') 

5 

"  "5 

2 

"    i 
.... 

(') 

"io 

CO 

3 

56 
6 

2 

CO 

"(')" 
(') 

(') 

"""2 
"""2 

1 

"3 

12 
5 

1 
"(')" 

w" 

(') 

""3 
CO 

2 
13 
3 

1 

3-axle 

Average,  single-unit  trucks. - 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations  

Middle  Atlantic: 

2-axle,  4-tire .  ._- 

2-axle,  6-tiro 

3-axle. .__ 

Average,  single-unit  trucks.. 
Truck -tractor  and  semitrailer.. 
Truck  and  trailer.  . 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations  

South  Atlantic: 

2-axle,  4-tire _ 

3-axle 

Average,  single-unit  trucks.. 
Truck-tractor  and  semitrailer. . 

Truck  and  trailer 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations   ". 

East  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle. 

Average,  single-unit  trucks. . 
Truck -tractor  and  semitrailer.. 
Truck  and  trailer..      .  .. 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

East  South  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle . 

Average,  single-unit  trucks.. 

Truck-tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

West  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire.   

3-axle     .-  

Average,  single-unit  trucks. . . 
Truck-tractor  and  semitrailer. . 
Truck  and  trailer...  .  .. 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations..  _ 

West  South  Central: 

2-axle,  4-tire ..  ... 

2-axle,  6-tire  - - 

3-axle. 

Average,  single-unit  trucks... 
Truck-tractor  and  semitrailer.. 
Truck  and  trailer 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations  . 

Mountain: 

2-axle,  4-tire 

2-axle,  6-tire  - 

3-axle .  ...  

Average,  single-unit  trucks... 
Truck-tractor  and  semitrailer. - 
Truck  and  trailer 

Average,  truck  combinations- 
Average,  all  trucks  and  com- 
binations..  

Pacific: 

2-axle,  4-tire  - 

2-axle,  6-tire.- - 

3-axle... 

Average,  single-unit  trucks... 
Truck-tractor  and  semitrailer. . 

Average,  truck  combinations. 
Average,  all  trucks  and  com- 

United  States  average: 

2-axle,  4-tire 

3-axle    

Average,  single-unit  trucks... 
Truck-tractor  and  semitrailer.  . 

Average,  truck  combinations. 
Average,  all  trucks  and  corn- 

Average,  1948. 

3     1          1 

Average,  1947.  .. 

2 

1 

Region  and  type  of  vehicle 
(panel  and  pickup  trucks  excluded) 


New  England: 

2-axle,  4-tire.. 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. _ 

Truck-traetor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  _ 

Middle  Atlantic: 

2-axle,  4-tire _ 

2-axle,  6-tire.. 

3-axle 

Average,  single-unit  trucks . . 

Truck-tractor  and  semitrailer.  _ 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

South  Atlantic: 

2-axle,  4-tire 

2-axle,  6-tire .. 

3-axle 

Average,  single-unit  trucks . . . 

Truck-tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  _ 

East  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. . . 

Truck-tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

East  South  Central: 

2-axle,  4-tire 

2-axle,  6-tire.- 

3-axle A._ 

Average,  single-unit  trucks. . 

Truck- tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

West  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks.. 

Truck-tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations..-  

West  South  Central: 

2-axle,  4-tire_. 

2-axle,  6-tire- 

3-axle _ 

Average,  single-unit  trucks.. 

Truck -tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com- 
binations  

Mountain: 

2-axle,  4-tire.. — 

2-axle,  6-tire.. 

3-axle 

Average,  single-unit  trucks. . 

Truck-tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  com- 
binations  

{Pacific: 

2-axle,  4-tire 

2-axle,  6-tire.. 

3-axle 

Average,  single-unit  trucks.. 

Truck-tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  com- 
binations  

United  States  average: 

2-axle,4-tire — 

2-axle,  6-tire 

3-axle .-  

Average,  single-unit  truck... 

Truck-tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations. 

Average,  all  trucks  and  com 
binations 


Average,  1948. 
Average,  1947. 


Number 
per 
1,000 
over- 
loaded 


44 
119 

26 
288 
(') 
290 

84 

1 

54 

181 

36 

345 

(') 

346 

133 

1 
17 

66 

10 

229 

""229 


7 
56 

5 
180 
425 
191 

73 


13 
33 

7 
151 

151 

35 


7 

36 

4 

172 

16 

167 


4 
149 
10 

145 


34 
63 
15 

233 
258 
238 

62 


6 
13 

4 
166 
299 
207 

75 

1 

19 
68 
11 
210 
281 
214 

68 

73 
59 


Number  per  1,000  overlo  ided  more 
than— 


5  per- 
cent 


36 
86 
21 

250 

(') 

252 

71 

1 

47 

149 

31 

284 

(') 


111 

1 

13 

37 

7 

182 

"l82 

55 


5 

43 

4 

133 

414 
146 

56 


7 

11 

4 

111 


24 

"""2 

17 

1 

112 

8 

108 

27 


3 
113 
10 
110 


2 
31 
60 
13 

185 
198 
187 

50 


4 

5 

2 

127 

212 

153 


1 
15 
50 
9 
162 
227 
165 

53 

56 
45 


cent. 


30 

r,7 

17 

203 

0) 

206 

58 


40 
112 

26 
244 
(0 
245 


24 

5 
138 

138 

42 


3 
43 
3 
86 
381 
100 

38 

4 
4 

"""2 

74 


2 
73 
10 
72 

20 

2 
19 
48 
8 
139 
136 
138 

36 


2 
(2) 

1 
80 
83 
81 

29 

1 
11 
38 

6 

119 

148 
121 

38 

42 
32 


20  per- 
cent 


19 

24 
11 

108 
CO 

111 

33 


21 

53 
13 

153 
(') 

153 

57 


1 
38 

1 

39 

293 

51 


22 


(2) 
30 
10 
29 


(2) 
22 
7 
17 


(J) 

6 
22 

3 

58 
75 
59 


30  per 
cent 


11 
6 
6 

45 

CO 

48 


26 


29 
1 

18 
191 
26 

10 

4 
1 


m 

6 

(2) 
4 

1 

(2) 

3 
12 

2 

28 
46 
29 


50  per- 
cent 


26 


(2) 

"« 

4 

"4 
1 


10 
3 

56 
6 


1 
.... 

m 


1 
.... 


3 
"  "3 

1 

"co" 

6 
15 


o 

1 
..... 


(») 

3 

0) 
6 
14 
6 


'  Less  than  5  per  10,000. 


1  Data  omitted  because  of  insufficient  sample. 


1  Data  omitted  because  of  insufficient  sample. 


2  Less  than  5  per  10,000. 


PUBLIC  ROADS  •  Vol.  26,  No.  5 


97 


Table  14. — Number  of  trucks  and  truck  combinations  per  1,000  loaded  and  empty  vehicles,  in  private  and  in  for -hire  operation,  that 
exceeded  various  load  limits  by  various  percentages  of  overload  in  the  summer  of  1949  {U.  S.  average) 


Type  of  vehicle 


Private  operation 


Number 
per  1,000 
over- 
loaded 


Number  per  1,000  overloaded  more  than — 


5 
percent 


10 
percent 


20 
percent 


30 
percent 


50 
percent 


For-hire  operation 


Number 
per  1 ,000 
over- 
loaded 


Number  per  1,000  overloaded  more  than- 


5 
percent 


10 
percent 


20 
percent 


30 
percent 


50 
percent 


Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  Permissible  Axle,  Axle-Group,  or  Gross-Weight  Legal  Limits  of  the  Several  States 


2-axle,  4-tire .. 

2-axle,6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations. 


1 

1 

11 

7 

65 

53 

6 

4 

148 

103 

111 

61 

146 

101 

26 

18 

1 

5 
39 

3 

70 
42 
69 
13 


1 

(') 

2 

1 

24 

14 

5 

1 

1 

0) 

29 

12 

3 

25 

20 

15 

29 

12 

4 

5 

3 

1 

27 
164 
247 
168 
131 


16 
82 
20 

112 
140 
114 


10 
51 
12 
71 
88 
72 
56 


6 

3 

27 

10 

7 

3 

29 

14 

38 

6 

29 

14 

23 

11 

3 
3 
3 
2 


Number  of  Axles  per  1,000  Trucks  and  Truck  Combinations  Exceeding  the  18,000-pound  Limit  Recommended  by  the  A.  A.  S.  H.  O. 


2-axle,  4-tire. __ 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations. 


1 
17 
40 
9 
222 
136 
217 
39 


1 
12 
29 

6 

159 
82 

155 
28 


1 
9 
20 
5 
110 
50 
107 
20 


(') 

(') 

4 

2 

(') 

9 

5 

2 

1 

(') 

45 

18 

4 

20 

6 

1 

44 

17 

4 

8 

3 

1 

12 
36 

97 
38 
255 
190 
251 
195 


12 
29 
76 
31 
186 
97 
181 
141 


23 

47 
23 

130 
50 

126 


14 

6 

27 

15 

14 

6 

61 

28 

14 

3 

58 

27 

46 

21 

Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  the  Maximum  Axle-Group  Loads  Recommended  by  th  e  A.  A.  S.  H.  O. 


2-axle,  6-tire. _ 

3-axle. 

Average,  single-unit  trucks 

T  ruck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations . 


0) 

0) 

43 

28 

1 

(') 

71 

54 

135 

113 

74 

57 

12 

8 

0) 
24 
0) 
36 
89 
39 
6 


W 

14 

9 

3 

(') 

(') 

(') 

18 

9 

2 

54 

45 

20 

20 

11 

3 

3 

2 

(') 

1 

92 

8 

102 

341 

115 

87 


(') 
77 
6 
74 
270 
85 
64 


(') 
60 
5 
50 
175 
57 
43 


28 

12 

2 

1 

23 

11 

87 

50 

26 

13 

20 

10 

4 
(') 

3 
11 

3 

2 


Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  any  of  the  Maximum  Motor-Vehicle  Loads  Recommended   by  the  A.  A.  S.  H.  O. 


2-axle,  4-tire 

2-axle,  6-tire.  __ 

3-axle... 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer.. 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations. 


1 
16 
53 
8 
185 
140 
183 
34 


1 
12 
36 
6 
142 
121 
141 
26 


25 

5 

104 

95 
104 

19 


(') 

(') 

4 

2 

(') 

14 

9 

3 

2 

1 

(') 

50 

21 

5 

51 

41 

17 

50 

22 

6 

9 

4 

1 

12 
36 
99 
38 

228 
372 
236 
184 


12 
29 
80 
31 
177 
296 
183 
143 


23 
63 
24 

129 
182 
132 
103 


16 

6 

36 

18 

16 

6 

64 

31 

90 

49 

65 

32 

52 

25 

i  Less  than  5  per  10,000. 


Report  of  Trends  in  Motor-Vehicle  Travel  Discontinued 


For  several  years  past,  Public  Roads  has 
annually  carried  a  companion  article,  Trends 
in  motor-vehicle  travel,  which  provided  esti- 
mates of  total  urban  and  rural  travel  and 
average  unit  travel  and  fuel  consumption  of 
each  of  the  major  classes  of  motor  vehicles. 

In  making  these  estimates  it  has  been  neces- 
sary to  predicate  the  estimates  of  a  given  year 
on  the  sequence  of  values  obtained  for  previ- 
ous years,  with  the  1936-37  period  of  the 
comprehensive  State-wide  traffic  surveys  as  a 
base.     As  this  base  period  has  become  more  and 


more  remote  the  hazards   of  the  procedure 
have  multiplied.1 

The  interval  of  nearly  15  years  and  the 
changes  in  circumstances  affecting  travel  are 
so  great  that  the  estimates  can  no  longer  be 
published  with  confidence.  It  is  hoped  that 
they  can  be  resumed  when  the  States  have 
accumulated  a  sufficient  body  of  current  basic 
data. 


1  A  fuller  explanation  will  be  found  in  Trends  in  motor- 
vehicle  travel,  1947,  Public  Roads,  vol.  25,  No.  3,  Mar.  1949, 
p.  160. 


(Continued  from  page  104) 
described  here  is  applicable  to  such  hydraulic 
materials  as  pozzolanic,  slag,  and  natural 
cements  which  cannot  be  analyzed  accurately 
by  the  tentative  method  for  portland  cements. 
A  further  application  of  this  method  would 
be  for  limestone  or  other  calcareous  material 
even  though  certain  types  may  be  com- 
pletely soluble  in  mineral  acid.  By  using  the 
J.  Lawrence  Smith  fusion  on  such  materials, 
the  eventual  calcium  in  solution  would  be  the 
same  as  that  obtained  for  the  siliceous  samples. 
Thus,  no  previous  knowledge  of  the  calcium 
content  of  the  sample  would  be  required  and 
the  same  correction  curves  would  be  applicable. 
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Flame-Photometer  Determination  of 
Sodium  and  Potassium  in  Soils 
and  Other  Siliceous  Materials 


BY  THE  PHYSICAL 
RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported    by   W.    J.   Halstead.   Chemist, 
and  Bernard  Chaiken,  Associate  Chemist 


GRAVIMETRIC  METHODS  for  deter- 
mining the  alkalies — sodium,  lithium,  and 
potassium — are  long  and  tedious.  The  lengthy 
operations  required  may  introduce  serious  er- 
rors unless  meticulous  care  is  observed 
throughout  the  entire  procedure.  For  this 
reason,  there  has  long  been  much  effort  di- 
rected toward  developing  an  alternate  pro- 
cedure for  the  determination  of  these  ele- 
ments. This  has  been  accomplished  by  the 
recent  developments  in  flame  photometry. 
Successful  and  rapid  flame  photometric 
methods  for  the  determination  of  sodium  and 
potassium  in  such  complex  materials  as  whole 
blood,  serum,  urine,  fertilizers,  portland 
cements  (1,  4,  7),1  plant  tissues  (10,  11),  soil 
extracts,  and  cation-exchange  capacity  of 
soils  (8,  9),  have  been  described  elsewhere. 

The  fundamental  basis  of  flame  photometry 
is  in  the  long-known  fact  that  all  elements, 
when  heated  to  a  sufficiently  high  tempera- 
ture, will  emit  characteristic  light  waves  of 
definite  wave  lengths.  The  intensity  of  these 
emissions  varies  directly  with  the  quantity  of 
the  element  present.  The  temperature  nec- 
essary to  cause  the  emissions  for  the  various 
elements  ranges  from  the  extremely  high 
value  which  may  be  obtained  with  an  electric 
arc  to  the  comparatively  low  temperature  of 
a  gas  flame.  The  flame  photometer  is  ap- 
plicable to  those  elements  which  emit  radia- 
tions at  the  temperature  of  an  acetylene  or 
propane  flame.  Essentially,  it  is  an  instru- 
ment by  which  the  desired  element  is  intro- 
duced into  a  gas  flame  under  carefully  con- 
trolled conditions,  and  the  characteristic  wave 
length  of  the  element  is  isolated  and  its 
intensity  is  measured  photoelectrically. 

The  alkali  metals — lithium,  sodium,  and 
potassium — emit  characteristic  radiations  at 
the  temperature  of  the  propane  flame  and 
this  gas  is  generally  used  for  the  determina- 
tion of  these  elements.  The  flame  photometer 
is  also  applicable  to  the  determination  of  cal- 
cium, strontium,  barium,  magnesium,  man- 
ganese, and  chromium,  provided  a  higher 
temperature  flame,  such  as  that  of  acetylene, 
is  used. 


1  Italic  numbers  in  parentheses  refer  to  the  bibliographic 
reference  list  on  page  104. 
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This  article  presents  a  method  for  using 
a  flame  photometer  to  determine  the  alka- 
lies— sodium  and  potassium  oxides— in  soil 
and  other  siliceous  material  which  cannot 
easily  be  decomposed  by  mineral  acids. 
The  method  is  much  more  rapid  than 
existing  gravimetric  procedures,  and  yields 
results  which  are  equally  accurate. 

The  sample  is  decomposed  by  fusion  and 
the  melt  is  leached  with  hot  water  in  order 
to  bring  the  alkalies  into  solution  as 
chlorides.  The  concentration  of  alkalies  in 
the  resulting  solution  is  then  determined 
by  means  of  a  flame  photometer,  using  the 
direct-intensity  method. 

A  wide  variety  of  materials  can  be  ana- 
lyzed by  the  method,  including  soils,  sands, 
rocks,  various  minerals,  ceramic  clays,  fly 
ash,  and  pozzolanic,  slag,  and  natural 
cements.  The  method  is  also  applicable  to 
the  determination  of  the  alkalies  in  lime- 
stones and  other  calcareous  materials. 

Summary 

This  article  describes  a  method  for  using  the 
flame  photometer  to  determine  sodium  and 
potassium  in  various  siliceous  materials  which 
cannot  easily  be  decomposed  by  acids.  These 
include  such  materials  as  soils,  sands,  rocks, 
various  minerals,  ceramic  clays,  fly  ash, 
pozzolanic  cement,  natural  cement,  and  slag 
cement.  The  alkalies  are  brought  into  solution 
by  the  J.  Lawrence  Smith  fusion  method  with 
calcium  carbonate,  and  the  melt  leached  with 
hot  water  as  is  customary.  The  concentrations 
of  the  sodium  and  potassium  oxides  in  the 
resulting  solution  are  then  determined  with  a 
flame  photometer,  using  the  direct-intensity 
procedure.  Tests  show  that  calcium  is  the  only 
interfering  ion  present.  By  careful  quantita- 
tive control  of  the  reagents  and  control  of  the 
amount  of  washings,  concentration  of  the  cal- 
cium ion  can  be  held  substantially  constant  at 
1,700  parts  per  million  as  calcium  oxide.  Cor- 
rection can  then  be  made  for  the  effect  of  this 
constituent  by  the  use  of  correction  curves. 
This  makes  possible  the  calibration  against 
standard  solutions  containing  only  sodium  and 
potassium    chlorides,    which   is   advantageous 


since  such  solutions  are  used  in  a  large  number 
of  other  analyses. 

In  addition  to  soils,  sands,  various  minerals, 
ceramic  clays,  fly  ash,  and  similar  siliceous 
materials,  the  flame-photometer  method  is 
applicable  to  the  determination  of  the  alkalies 
in  the  nonportland  type  cements  such  as 
pozzolanic,  slag,  and  natural  cements.  While 
actual  tests  were  not  made,  the  method  is  indi- 
cated as  also  applicable  to  limestone  and  other 
calcareous  materials.  The  advantage  of  the 
method  for  this  type  of  material  is  that  a 
neutral  solution  of  a  definite  concentration  of 
calcium  oxide  is  obtained  regardless  of  the 
calcium  content  of  the  limestone  or  calcareous 
material  being  analyzed. 

Comparisons  of  the  results  obtained  with  the 
flame-photometer  method  and  the  results  of 
gravimetric  methods  show  the  average  differ- 
ences in  percentage  to  be  less  than  0.1  when 
0.5-gram  samples  are  used.  This  is  of  the 
same  order  as  differences  between  two  gravi- 
metric results  on  the  same  sample.  The  time 
saved  by  the  flame-photometer  method  is  con- 
siderable. Comparative  records  show  that  for 
the  same  number  of  analyses  only  one-fourth 
the  time  is  required  for  the  flame-photometer 
method  (including  the  time  for  calibration)  as 
is  required  by  the  usual  gravimetric  procedure. 

Many  features  of  the  given  flame-photom- 
eter method  follow  well-established  proce- 
dures. However,  the  quantitative  evaluation 
of  the  interferences  from  other  elements  and 
the  technique  of  the  detailed  operations  as 
given  in  this  article  should  be  of  considerable 
value  to  those  engaged  in  analyzing  such 
materials  or  to  those  who  may  be  seeking 
further  applications  of  the  flame  photometer, 

Direct-Intensity  Procedure 

The  instrument  used  in  this  study  svas  a 
model  52A  Perkin-Elmer  flame  photometer, 
which  has  been  described  in  a  number  of 
publications  (1,  7).  This  flame  photonic t  cl- 
ean be  used  in  either  of  two  ways,  both  of 
which  require  careful  calibration  against 
standard  solutions  having  a  range  of  concen- 
trations of  the  desired  element  overlapping 
that  to  be  expected  in  the  unknown  samples. 
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These  two  procedures  are  known  as  the 
internal-standard  method  and  the  direct- 
intensity  method. 

In  the  internal-standard  method,  the  emitted 
light-intensity  ratio  of  the  element  sought  and 
another  element  added  in  known  amount  (the 
internal  standard)  is  measured.  This  is  done 
by  amplifying  I  lie  photoelectric  current  result- 
ing from  the  unknown  until  it  equals  that  from 
the  internal  standard,  the  amount  of  amplifica- 
tion required  being  indicated  by  the  reading  of 
the  gain-control  dial.  A  basic  requirement  of 
the  internal-standard  method  is  that  the 
element  chosen  as  the  internal  standard  be 
absent  from  the  sample  to  be  analyzed.  The 
flame  photometer  used  in  this  work  is  so 
equipped  as  to  require  the  use  of  a  lithium  salt 
exclusively  as  the  internal  standard.  How- 
ever, this  element  is  often  present  in  materials 
of  mineral  origin  (5,  page  517)  or  highly  sodic 
rocks  {12).  Thus,  in  analyzing  a  wide 
variety  of  siliceous  materials,  the  use  of  the 
internal-standard  method  is  not  desirable. 

In  the  direct-intensity  method,  a  measure  of 
the  absolute  light-intensity  of  the  element 
sought  is  obtained  directly  by  the  meter  read- 
ing and  there  is  no  interference  from  lithium 
when  present. 

Method  of  Analysis 

The  method  described  in  this  article  is 
directly  concerned  with  those  materials  which 
are  not  easily  or  completely  decomposed  by 
mineral  acids,  and  thus  require  fusion  or 
special  digestion  in  order  to  bring  the  alkalies 
completely  into  solution. 

The  familiar  J.  L.  Smith  method  of  fusion 
with  calcium  carbonate,  as  described  by 
Hillebrand  and  Lundell  (5,  page  787),  was 
chosen,  since  its  use  limits  the  metals  which  go 
into  solution.  After  the  fusion  the  melt  is 
extracted  with  water  in  the  usual  manner  and 
the  resulting  solution  is  used  for  the  deter 
minations  of  the  alkalies  by  means  of  the 
flame  photometer.  The  adjustment  and 
calibration  of  the  apparatus  follow  closely  the 
directions  given  in  the  tentative  method  of 
test  for  sodium  oxide  and  potassium  oxide  in 
Portland  cement  by  flame  photometry  of  the 
American  Society  for  Testing  Materials  (1), 
the  chief  differences  being  that  the  standard 
solutions  used  in  this  method  contain  only 
sodium  and  potassium  chloride,  and  the  zero 
adjustment  is  made  with  distilled  water. 

By  careful  control  of  the  weights  of  the 
sample  and  the  reagents,  and  of  the  volume  of 
wash  water  used,  it  was  found  that  the  amount 
of  calcium  in  solution  could  be  held  substan- 
tially constant,  and  thus  the  results  could  be 
corrected  for  any  interference  resulting  from 
this  element. 

In  order  to  present  a  complete  picture,  the 
method  of  test,  including  the  calibration  of  the 
instrument,  the  determination  of  the  correc- 
tion curve,  and  the  preparation  of  the  sample, 
is  given  here  in  detailed  step-by-step  procedure. 

1.  Reagents 

(a)  Calcium  carbonate:  A.C.S.  "low-alkali" 
CaC03,  limited  to  0.02  percent  total  alkalies  as 
sulfate. 

(b)  Sodium  chloride:  A.C.S.  NaCl  with  a 
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maximum  limit  of  0.01  percent  potassium. 

(c)  Potassium  chloride:  A.C.S.  KC1  with  a 
maximum  limit  of  0.02  percent  sodium. 

(d)  Ammonium  chloride:  Reagent  grade 
A.C.S.  NH4C1. 

(e)  Brom-thymol  blue  indicator:  0.04  per- 
cent solution  in  water. 

(/)   Water:  Distilled  water. 

2.  Solutions 

(a)  Sodium-potassium  chloride  stock  solu- 
tion.— -Prepare  a  solution  containing  1.8858  gm. 
of  NaCl  and  1.5830  gm.  of  KC1  (previously  dried 
at  105°  C.  for  several  hours)  dissolved  in  water 
and  diluted  to  1  liter  in  a  volumetric  flask. 
This  solution  contains  the  equivalent  of  1,000 
p. p.m.  (parts  per  million)  each  of  Na20  and 
K20. 

(b)  Calcium  chloride  stock  solution. — Pre- 
pare a  solution  containing  6.068  gm.  of  CaC03 
per  liter  as  follows:  Weigh  the  CaCO-3  into  a 
large  beaker.  Add  sufficient  water  to  form  a 
slurry  and  then  add  concentrated  HC1  cau- 
tiously until  the  CaCO-3  is  dissolved.  Avoid 
any  excess  of  HC1  by  adding  the  acid  drop  by 
drop  with  vigorous  stirring  until  the  solution 
just  clears.  Cool  the  solution  to  room  tem- 
perature and  filter  into  a  1,000-ml.  volumetric 
flask.  Dilute  to  the  mark  and  mix  thor- 
oughly. This  solution  contains  the  equivalent 
of  3,400  p.p.m.  of  CaO. 

(c)  Standard  sodium-potassium  chloride  solu- 
tions.— Using  the  NaCl-KCl  stock  solution, 
prepare  standard  solutions  containing  the  equi- 
valent of  5,  20,  40,  60,  80,  and  100  p.p.m. 
each  of  Na20  and  K20.  Store  these  solutions 
in  acid-resistant  glass  bottles  with  ground-glass 
or  rubber  stoppers. 

(d)  Correction  solutions. — Using  the  CaCl2 
stock  solution  and  the  NaCl-KCl  stock  solu- 
tion, prepare  solutions  containing  the  equiv- 
alent of  0,  5,  20,  40,  60,  80,  and  100  p.p.m. 
of  Na20  and  K20,  respectively,  and  each  con- 
taining the  equivalent  of  1,700  p.p.m.  of  CaO. 

3.  Calibration  of  flame  photometer 

(o)  Turn  on  the  instrument,  adjust  the  air 
pressure  to  10  p.s.i.  and  the  propane  gas 
pressure  to  5  p.s.i.  Adjust  the  burner  so  as 
to  give  a  faintly  visible  flame  5  to  6  inches 
high  and  with  %-inch  cones  over  the^burner 
grid.  These  cones  should  be  uniform,  quiet, 
and  of  a  blue  or  greenish-blue  color.  Allow 
the  system  to  warm  up  for  approximately  30 
minutes  after  the  current  and  gas  are  turned  on. 

(b)  Set  the  internal-standard  dial  at  zero 
and  adjust  the  meter  reading  to  zero  with  the 
zero  adjustment  knob. 

(c)  Find  the  correct  position  on  the  wave- 
length dial  for  the  element  to  be  determined 
by  pouring  into  the  atomizer  a  portion  of  the 
100-p.p.m.  standard  solution  of  Na20- K20 
and  moving  the  selector  slowly  back  and  forth 
on  each  side  of  the  indicated  wave  length  for 
the  element  until  the  point  of  maximum  de- 
flection is  noted.  Set  the  wave-length  selector 
at  this  point.  The  coarse  and  fine  gain 
controls  are  used  to  adjust  the  deflections  to 
the  range  of  90  to  100. 

(d)  Pour  the  100-p.p.m.  standard  solution 
into  the  atomizer  and  adjust  the  controls 
until  the  meter  reading  is  100.  Then  pour  in 
distilled   water   and   adjust   the   zero-adjust- 
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ment  knob  until  the  meter  reads  zero.  Re- 
peat these  two  operations  until  no  adjustment 
is  necessary  in  going  from  one  to  the  other. 

(e)  Next  pour  into  the  atomizer  the  80- 
p.p.m.  standard  solution  and  note  the  meter 
reading  to  the  nearest  whole  division.3  Check 
the  zero  reading  with  distilled  water  and  the 
100  reading  with  the  100-p.p.m.  standard 
solution.  If  these  readings  are  exactly  zero 
and  within  one  scale  division  of  100,  respec- 
tively, the  reading  for  the  80-p.p.m.  solution 
can  be  considered  correct.  If  the  zero  reading 
is  not  exact,  or  the  100-p.p.m.  reading  is  not 
within  one  scale  division  of  100,  repeat  the 
adjustments  in  step  3  (d)  and  take  another 
reading  for  the  80-p.p.m.  solution.  Continue 
until  no  adjustment  of  the  zero  and  100  points 
is  necessary  after  securing  the  reading  for  the 
80-p.p.m.  standard  solution. 

(/)  In  a  similar  manner,  determine  the 
readings 2  for  the  60,  40,  20,  and  5-p.p.m. 
standard  solutions  of  Na20-K20. 

(g)  Plot  calibration  curves  for  each  oxide, 
using  cross-section  paper  of  such  type  that 
each  division  on  the  ordinate  represents  a 
meter  reading  of  one  unit  and  each  division 
on  the  abscissa  represents  a  concentration  of 
1  p.p.m.  (see  fig.  1,  page  101). 

4.  Correction  curves 

(a)  Using  the  correction  solutions,  de- 
termine the  apparent  Na20  and  K20  concen- 
tration in  parts  per  million  as  directed  for  the 
analysis  of  the  samples  in  steps  6  and  7,  with 
the  application  of  the  calibration  curve  as 
determined  in  accordance  with  step  3  (g). 

(b)  To  determine  the  reagent  impurities, 
make  a  blank  determination,  following  the 
procedure  outlined  in  step  5  for  the  prepara- 
tion of  the  sample  and  in  steps  6  and  7  for  the 
determination  of  Na20  and  K20.  The  meter 
readings  obtained  are  converted  to  parts  per 
million  (see  step  3  g)  and  the  latter  values 
represent  the  effect  of  the  1,700-p.p.m.  CaO 
in  addition  to  the  reagent  impurities.  Sub- 
tract from  the  value  for  each  oxide  the  value 
obtained  for  the  correction  solution  containing 
no  added  NaCl  or  KC1.  These  values  represent 
the  effect  of  the  reagent  impurities  alone. 

(c)  Add  the  effect  of  the  reagent  impurities 
as  obtained  in  step  4  (b)  to  the  apparent 
sodium  and  potassium  concentration  obtained 
in  step  4  (a).  Plot  the  resulting  apparent 
concentrations  as  abscissas  and  the  known 
true  value  for  the  alkali  oxide  as  ordinates. 
This  gives  a  correction  curve  which  includes 
the  reagent  blank.  Once  obtained,  it  is 
not  necessary  to  recheck  the  curve  except 
when  the  reagents  are  changed  or  when  some 
change  is  made  in  the  instrument. 

5.  Preparation  of  sample 

(a)  Place  0.5000± 0.0005  gm.  of  finely 
ground  sample  (passing  No.  100  sieve)  into 
an  agate  mortar,  add  0.500  gm.  NH4C1,  and 
grind  until  completely  mixed.3  Add  4.0  gm. 
CaC03  to  the  mixture,  grind  until  well  mixed, 
and  transfer  the  mixture  to  a  J.   Lawrence 

2  For  meter  readings  of  all  solutions  in  the  lower  half  of  the 
scale,  the  apparatus  is  sufficiently  stable  and  sensitive  so 
that  readings  may  be  made  to  the  nearest  half  division  or 
less. 

1  Close  control  of  the  quantity  of  NH<C1  Is  necessary  since 
it  directly  affects  the  amount  of  calcium  which  goes  into 
solution  as  the  chloride. 
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Smith  platinum  crucible  containing  approxi- 
mately 0.5  gm.  CaCC>3  in  the  bottom.  Rinse 
the  mortar  and  pestle  with  approximately  0.5 
gm.  CaC03  and  add  to  the  crucible.  Cap  the 
crucible,  tap  it  gently  to  cause  the  powder  to 
settle,  and  place  it  in  a  slightly  inclined  position 
in  a  refractory  cylinder  provided  with  a  suit- 
able hole  to  receive  the  crucible. 

(b)  Heat  the  portion  of  the  crucible  within 
the  cylinder  by  means  of  a  fish-tail  flame 
placed  well  below  the  crucible  for  about  15 
minutes  or  until  the  odor  of  ammonia  is  no 
longer  perceptible.  The  heat  should  not  be 
strong  enough  to  cause  vapors  of  NH4C1  to 
escape.  The  crucible  should  be  rotated  at 
intervals  during  the  early  stages  of  the  ignition. 
Gradually  increase  the  heat  until  the  crucible 
is  a  bright  red  and  maintain  this  temperature 
for  40  to  60  minutes.4  Allow  the  crucible  to 
cool  and  transfer  the  sintered  mass  to  a  250-ml. 
casserole.  Pour  hot  water  into  the  crucible 
and  digest  until  all  remaining  matter  can  be 
washed  out  into  the  casserole  or  until  it  is 
thoroughly  extracted.  Slake  the  sintered 
cake  in  the  casserole  by  adding  cautiously  a 
few  milliliters  of  water,  then  add  approxi- 
mately 50  ml.  more  and  digest  on  the  steam 
bath  until  the  cake  is  thoroughly  disintegrated 
(4  to  8  hours).  Disintegration  may  be  aided 
by  grinding  with  an  agate  pestle  during  the 
digestion  period. 

(c)  After  the  cake  has  completely  disin- 
tegrated, adjust  the  volume  of  liquid  in  the 
casserole  to  approximately  50  ml.,  evaporating 
if  necessary.  Heat  the  covered  casserole  to 
boiling  on  a  hot  plate,  let  the  solids  settle, 
and  rapidly  filter  into  a  250-ml.  volumetric 
flask  made  of  acid-resistant  glass.  Add  30 
ml.  of  hot  water  to  the  casserole,  break  up 
any  lumps  by  gentle  pressure  with  a  pestle 
or  glass  stirring  rod,  heat  to  boiling,  let  settle, 
and  filter.  Repeat  the  extraction  with  30 
ml.  of  water  three  more  times  (a  total  of 
four  30-ml.  washings).  Transfer  the  bulk  of 
the  residue  to  the  filter  paper  with  a  minimum 
amount  of  hot  water,  and  wash  the  residue 
on  the  paper  once  or  twice  with  hot  water  so 
as  to  bring  the  filtrate  level  to  within  several 
centimeters  of  the  neck  of  the  flask.5 

Add  three  or  four  drops  of  brom-thymol 
blue  indicator  to  the  flask  and  then  add  con- 
centrated HC1  drop  by  drop  until  one  drop 
causes  the  indicator  to  change  color.  Cool 
the  flask  and  its  contents  to  room  temperature, 
add  sufficient  water  to  bring  the  liquid  level 
to  the  calibration  mark,  and  mix  well.  This 
solution  is  then  used  for  the  flame-photometer 
analysis. 

6.  Determination  of  sodium  oxide 

(a)  Warm  up  the  apparatus  and  calibrate 
for  the  sodium  determination,  following  the 
instructions  given  in  step  3. 

(b)  Add  a  portion  of  the  sample  solution 
to  the  atomizer  and  record  the  meter  reading 
to  the  nearest  whole  division.6  Then  select 
the  standard  solution  which  gives  a  meter 
reading  closest  to  the  unknown  and  record  its 


* In  order  to  obtain  a  brigbt  red  heat,  it  may  be  necessary 
to  replace  the  fish-tail  burner  with  one  of  the  Meker  type. 

»  The  final  volume  of  the  filtrate  must  be  as  nearly  constant 
as  possible  in  order  to  insure  a  uniform  calcium  concentration. 

•  See  footnote  2,  p.  100. 
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reading.  This  latter  value  should  agree  to 
within  one  division  on  the  meter  scale  with 
the  average  value  established  during  the 
calibration  of  the  apparatus.  If  it  does  not, 
reset  the  meter  needle  to  the  original  calibra- 
tion point  by  use  of  the  fine-gain  control. 
Check  the  zero  and  100  division  points  with 
the  appropriate  standard  solutions.  Finally, 
alternate  the  use  of  the  unknown  solution  and 
the  closest  standard  until  readings  for  the 
unknown  agree  to  within  one  division  on  the 
meter  scale  and  the  reading  for  the  standard 
similarly  agrees  with  the  calibration  point. 
Record  the  average  of  the  last  two  meter 
readings  obtained  with  the  unknown  solution. 

7.  Determination  of  Potassium  Oxide 

Follow  the  same  procedure  as  for  Na20 
(step  6)  except  that  the  instrument  is  cali- 
brated with  the  wave-length  selector  set  at 
the  point  of  maximum  response  to  K20  by 
use  of  the  100-p.p.m.  standard  solution. 

8.  Calculation  of  results  7 

(a)  From  the  recorded  averages  of  the  meter 
readings  for  Na20  and  K20  read  the  concen- 
tration to  the  nearest  half  division  from  the 


calibration  curve  (step  3g).  This  is  the  ap- 
parent concentration  of  the  alkali  oxide  in 
parts  per  million.  Convert  this  value  to  the 
corrected  or  true  concentration  by  use  of  the 
correction  curve  obtained  in  step  4. 

(b)   Calculate  the  percentage  of  alkali  oxide 
to  the  nearest  0.02  percent  as  follows: 

Q 

Alkali  oxide,  percent =on 

Where  C=true  concentration  in  p.p.m.  (from 
correction  curve),  and 


20  = 


0.5  (weight  of  sample)       1,000,000 


7  These  calculations  are  based  on  a  0.500-gm.  sample.  For 
samples  containing  greater  than  5  percent  of  either  alkali 
oxide  a  smaller  sample  must  be  used  and  the  calculations 
varied  accordingly. 


250  (volume  of  solution)  'N       100 
Constant  Calibration  Check  Needed 

Careful  calibration  and  a  constant  check  on 
the  calibration  of  the  flame  photometer  are 
essential  for  accurate  results.  The  calibration 
depends  on  the  constancy  of  a  large  number 
of  the  system  components,  such  as  voltage, 
tube  sensitivity,  gain  control,  gas  pressure, 
air  pressure,  atomizer  efficiency,  and  burner 
adjustment.  The  calibration  must  be  made 
before  each  run  and  certain  calibration  points 
checked  during  a  run  as  directed.  However, 
with  the  instrument  operating  normally  when 
the  zero  and  100-p.p.m.  points  are  properly 
set,    the   balance   of   the    calibration   points 


Table  1. — Example  of  data  obtained  in  calibrating  the  flame  photometer  with  standard 

solution  l 


Meter  reading  (in  divisions)  for — 

Concentra- 
tion of  Na20 

or  K2O  in 

NajO  determination 

KjO  determination 

standard 
solution 

Test  1 

Test  2 

Test  3 

Avg. 

Testl 

Test  2 

Test  3 

Avg. 

P.p.m. 

5 

5 

5 

4.5 

5 

3 

3 

3 

3 

20 

22 

21 

21 

21 

18 

17 

17 

17 

40 

46.5 

46.5 

45.5 

46 

39.5 

38.5 

39.5 

39 

60 

70.5 

70 

70 

70 

64 

63.5 

64 

64 

80 

87 

87 

87.5 

87 

84 

83 

83 

83 

100 

»100 

3  100 

2  100 

'100 

'  The  standard  solutions  were  prepared  as  given  in  step  2(c)  of  the  method  of  analysis,  page  100. 
1  Apparatus  was  adjusted  to  give  a  full-scale  deflection  of  100  divisions  with  the  standard  solution  containing  100  p.p.m. 
of  the  alkali  oxide. 


iO 


20 


30 


40  50  60 

CONCENTRATION,  ppm 
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80 
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Figure  1. — Typical  calibration  curves  for  determination  of  sodium  oxide  and  potassium 
oxide  with  the  flame  photometer,  using  the  direct-intensity  method. 
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Table  2. — Suggested  form  for  recording  test  data  in  flame-photometer  analyses 


Sample 
identifi- 
cation 

NaaO  determination  (a  similar  table  is  used  for  KjO  determination) 

Meter  reading  (in  divisions)  of— 

Concentration 

Nearest 
standard 

Unknown 

Apparent 

True 

On  basis 
of  sample 

Test  1 

Test  2 

Average 

P.p.m. 

P.p.m. 

Percent 

usually  remain  essentially  constant  so  that  it 
may  not  be  necessary  to  draw  a  new  calibra- 
tion curve  for  each  run.  Also,  during  the 
course  of  a  run  there  is  usually  very  little 
change  in  the  calibration  unless  the  atomizer 
is  clogged  or  the  burner  flooded,  in  which 
cases  the  trouble  is  immediately  apparent. 
Thus,  the  practical  accomplishment  of  the 
conditions  necessary  for  accurate  results  is 
not  difficult. 

Table  1  shows  an  example  of  the  data 
obtained  in  calibrating  the  instrument.  These 
data  are  plotted  in  figure  1.  Table  2  presents 
a  convenient  form  for  recording  the  test  data 
obtained  in  analyzing  unknown  samples. 

Calcium  Interference 

The  effects  of  the  interference  of  other 
constituents  on  the  alkali  determination  by 
flame  photometry  have  been  described  (8,  6) 
for  instruments  using  color  filters  to  isolate 
the  wave  lengths.  However,  the  instrument 
used  in  this  study  employs  a  two-prism  mono- 
chrometer  for  wave-length  separation  and, 
therefore,  it  is  likely  that  the  interferences 
may  be  different  than  when  color  filters  are 
used. 


The  elements  to  be  concerned  with  are 
sodium,  potassium,  and  calcium.  The  other 
elements  which  may  occur  in  natural  sili- 
cates— iron,  aluminum,  barium,  lithium,  mag- 
nesium, manganesey  strontium,  and  chro- 
mium— have  a  negligible  effect.  Furthermore, 
because  of  the  method  of  decomposition  em- 
ployed, these  constituents  will  not  be  present 
in  solution  except  in  very  small  amounts. 
Mineral  and  organic  acids  will  not  be  present 
as  such  to  interfere  with  the  results. 

Table  3  shows  the  effects  of  varying  amounts 
of  sodium,  potassium,  and  calcium  oxides  on 
the  determinations  of  Na20  and  K20.  For 
these  tests  the  instrument  was  calibrated  and 
the  apparent  concentration  of  the  alkali  in 
the  solution  was  determined  as  described  in 
the  method  of  analysis.  The  results  indicate 
that  for  the  type  of  solutions  employed  so- 
dium and  potassium  do  not  interfere  with  each 
other  within  the  range  of  concentration  stud- 
ied. However,  the  calcium  ion  (shown  as 
CaO),  when  present  in  considerable  amounts, 
has  a  significant  inhibiting  effect  on  deter- 
minations of  both  sodium  and  potassium. 

A  study  was  made  to  determine  the  con- 
centration of  calcium  to  be  expected  in  test 


Table  3. — Effect  of  certain  constituents  on  the  sodium  oxide  and  potassium  oxide  deter- 
minations with  the  flame  photometer 

[parts  per  million] 


Interfering  constituent 
and  its  concentration 


Amount  added:  None 


Amount 
found 


Error 


Amount  added:  5  p.p.m. 


Amount 
found 


Error 


Amount  added: 
P.P.m. 


Amount 
found 


Error 


Sodium  Oxide  '  Determination 


KjO:  i 
5.... 
80... 

CaO:* 
50... 
300.. 
700.. 
1,200 
1,700 
2,200 

Na20:  i 

5 

80.... 
CaO:  2 

50_... 

300.. 

700.. 

1,200. 

1,700. 

2,200. 


0 
0 

0 
0 
+2 
+1 
+2 
+2 


0 

0 

0 

0 
0 

+1 

+2 
+2 


79 
75 
75 
75 
76 


Potassium  Oxide  i  Determination 


0 
0 

0 
0 
0 

-1 

0 

-1 


80 


77 
75 
71 
73 
72 
71 


solutions.  Aliquot  portions  were  taken  from 
a  group  of  solutions  prepared  for  the  deter- 
mination of  the  alkalies  by  the  flame  photom- 
eter. The  amount  of  calcium  in  each  solu- 
tion was  determined  by  a  standard  volumetric 
method.  The  results  of  these  tests  are  given 
in  table  4,  the  calcium  being  expressed  as  the 
equivalent  amount  of  CaO.  The  range  in 
these  results  was  from  approximately  1,600 
to  1,800  p.p.m.  with  the  average  being  1,700. 
Thus,  1,700  p.p.m.  of  CaO  was  taken  as  being 
a  suitable  expression  of  the  expected  calcium 
concentration  in  all  test  solutions.  Since  the 
data  shown  in  table  3  indicate  that  the  effect 
of  calcium  does  not  change  greatly  with 
concentration,  deviations  from  this  average 
value  which  normally  may  be  obtained  will 
not  be  sufficient  to  make  a  measurable  change 
in  the  interference  of  the  calcium  ion. 


Table  4. — Concentration  of  calcium  as  CaO 
in  test  solutions  of  silicates  prepared  for 
flame-photometer  analysis 


Sample  identification 

Type  of  material 

Concen- 
tration 
of  CaO 
in  test 
solution1 

19 

Trap  rock 

P.  p.  m. 
1,606 
1,628 
1,814 
1,714 
1,708 
1,732 

1,700 

20 

21 

Fly  ash 

22 

.  do 

Blank  A 

Blank  B _ 

Average ..    .. 

i  The  proper  amount  of  A.C.S.  NaCl  or  KC1  was  dissolved  in  water  to  give  the  indicated  oxide  concentration. 
'  Present  in  solution  as  CaCh.    The  proper  amount  of  A.C.S.  "low-alkali"  CaCOj  was  neutralized  with  just  sufficient 
concentrated  HC1  to  give  the  indicated  oxide  concentration. 


1  Volumetric  determination  with  standard  KMnO(  made 
on  aliquot  portion. 


A  more  complete  study  was  made  to  show 
the  effect  of  1,700  p.p.m.  of  CaO  on  the 
sodium  and  potassium  determination  for  the 
range  of  concentrations  usually  encountered. 
These  analyses  were  made  as  before,  using 
the  calibration  curve  obtained  with  pure  solu- 
tions of  NaCl  and  KC1.  The  results  are 
shown  in  table  5.  These  data  further  con- 
firmed the  conclusion  drawn  from  the  data 
in  table  3  that,  for  this  type  of  solution  and 
within  the  range  studied,  the  alkalies  did  not 
affect  each  other.  Also,  the  interference  of 
the  calcium  ion  for  a  definite  concentration 
of  one  alkali  metal  is  the  same  regardless  of 
the  concentration  of  the  other  alkali.  The 
inhibiting  effect  of  the  calcium  ion  increases  as 
the  concentration  of  the  alkali  increases.  It 
should  be  noted  that  for  the  lower  concentra- 
tions of  Na20,  1,700  p.p.m.  of  CaO  produces 
a  positive  error  (see  tables  3  and  5) . 

Correction  Curve  for  Calcium 

The  use  of  a  correction  curve  to  correct  for 
the  effect  of  the  calcium  ion  is  a  departure 
from  the  usual  practice  in  flame-photometry 
applications.  In  the  usual  procedure,  correc- 
tions would  be  made  by  using  as  standards  the 
correction  solutions,  each  of  which  contains 
1,700  p.p.m.  of  CaO  with  different  amounts 
of  Na20  and  K20.  A  calibration  curve  con- 
structed from  data  obtained  with  these  solu- 
tions would  then  automatically  correct  for  the 
interference.  For  laboratories  concerned  with 
the  analysis  of  this  type  of  silicate  materials 
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Table  5. — Effect  of  alkali  oxides  and  1,700  p. p.m.  calcium  oxide  on  the  alkali  determinations  with  the  flame  photometer 

[parts  per  million] 


Na20  determination 

KjO  determination 

Amount 

of  Na20 

in  sample' 

Apparent  Na20  determined  when  amount  of  KjO  added  i  (and 
1,700  p.p.m.  of  CaO  also  added  2  in  each  case)  was— 

Average 

:ni|iuri'nt 

Na20  de- 
termined 

Amount 

ofK20 

in  sample1 

Apparent  K2O  determined  when  amount  of  Na20  added  '  (and 
1,700  p.p.m.  of  CaO  also  added  2  in  each  case)  was — 

app 

K2O  de- 
termined 

Op.p.m. 

5  p.p.m. 

20  p.p.m. 

60  p.p.m. 

80p.p.m. 

100  p.p.m. 

0  p.p.m. 

5  p.p.m. 

20  p.p.m. 

60  p.p.m. 

80  p.p.m. 

100  p.p.m. 

0 
5 

20 
60 
80 

100 

2 

6 
20 
56.5 
73 

2 

6 
20 
55 
74.5 

1.5 
6 
3  18.5 

3  52.5 
76 

2 

7.5 
21 
57 
77.5 

1 

7.5 
21 
56 

74.5 

(      95 
{      95.5 
[      95.5 

1.7 

6.6 
20.5 
56.1 
75.1 

1     95.3 

0 

5 

20 
00 
80 

100 

1 

5 

15.5 
52 
73 

0 
5 
16 
52 
72 

1 
5 

15.5 

52.5 

'68.5 

0 
5 

17.5 
3  55.5 
72 

0 

5 

17.5 
51 
72 

f      90. 5 
\       90.5 
[      90 

0.4 
5.0 
16.4 
51.9 
72.2 

|    90.3 

'Added  to  solution  as  A.C.S.  NaCl  or  KC1  in  calculated  amounts  to  give  indicated  oxide  concentrations. 

2  In  solution  as  A.C.S.  CaCl2,  "low-alkali"  CaCCb  was  dissolved  with  concentrated  HC1,  care  being  taken  to  avoid  excess  HC1. 

3  Not  included  in  average. 


only,  this  is  obviously  the  simpler  procedure. 
In  the  Public  Roads  laboratory,  however — 
and  it  is  believed  the  same  condition  will  be 
true  in  most  other  laboratories — it  is  necessary 
to  analyze  a  variety  of  materials  such  as  soil 
or  cement  extracts  with  water,  water  analysis, 
etc.,  which  require  the  pure  NaCl-KCl  stand- 
ard solutions.  Thus,  these  standard  solutions 
are  readily  available.  Inasmuch  as  the 
method  for  determining  the  alkalies  in  port- 
land  cement  by  flame  photometry  already 
requires  a  special  set  of  standard  solutions  (i), 
it  was  considered  advisable  to  limit  the  num- 
ber of  different  types  of  standard  solutions. 
In  addition,  once  the  correction  curve  is 
obtained  for  a  particular  instrument,  there  is 
no  need  of  repeating  this  work  unless  a  change 
is  made  in  the  reagents  or  in  the  instrument. 
Thus,  while  the  use  of  a  correction  curve  may 
seem  to  be  at  first  glance  an  unnecessary  step, 
for  practical  laboratory  applications  it  is  con- 
venient and  economical. 

Since  the  alkali  impurities  in  the  reagents 
used  also  must  be  accounted  for,  the  data 
obtained  with  the  correction  solutions  alone 
cannot  be  used  directly  as  the  basis  of  the 
correction  curve.  Blank  determinations  were 
made  using  the  method  as  shown.  These  gave 
apparent  values  of  the  sodium  and  potassium 
concentrations  which  include  the  effects  of  the 
1,700  p.p.m.  of  CaO,  in  addition  to  the  alkali 
impurities.  Thus  it  is  necessary  to  subtract 
from  the  blank  determinations  the  effect  of  the 
calcium  ion  for  zero  concentration  of  the 
alkali.  The  resulting  value  represents  the 
alkali  impurities  in  the  reagents,  and  an  over- 
all effect  is  calculated  by  adding  the  value  of 
the  blank  to  each  of  the  values  obtained  with 
the  correction  solution.  A  curve  is  then 
constructed  using  these  apparent  values  as 
abscissas  and  the  corrected  or  true  values  as 
ordi  nates. 

For  example,  the  correction  curves  used  for  the 
determinations  reported  in  this  article  were  con- 
structed as  follows:  The  averages  for  each  concen- 
tration shown  in  table  5  are  equivalent  to  the 
data  normally  obtained  with  the  correction 
solutions.  Blank  determinations  showed  an 
average  apparent  value  of  2.5  p.p.m.  for  Na20 
and  2.0  p.p.m.  for  K20.  Table  5  showed  the 
effect  of  the  calcium  ion  alone  (zero  concentra- 
tion of  alkali)  to  be  +  1.7  p.p.m.  for  the  sodium 
determination,  and  +0.4  p.p.m.  for  the  potas- 
sium  determination.     The   respective    differ- 
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ences,  0.8  p.p.m.  for  sodium  and  1.6  p.p.m. 
for  potassium,  represent  the  concentration  of 
the  alkali  resulting  from  the  reagent  impuri- 
ties. The  combined  effect  is  obtained  by 
adding  these  values  to  the  respective  average 
values  shown  in  table  5.  These  data,  given 
in  table  6,  were  then  used  to  plot  the  correc- 
tion curves  shown  in  figure  2. 

Comparison  with   Gravimetric 
Method 

Table  7  shows  a  comparison  between  results 
obtained  by  an  accepted  gravimetric  procedure 
and  by  the  flame-photometer  method  de- 
scribed in  this  article.  A  variety  of  silicates 
were  analyzed,  including  a  large  number  of 
soils,  in  order  to  obtain  as  wide  a  range  of 
alkali  content  as  possible.  For  most  samples 
there  is  very  good  agreement  between  the 
flame-photometer  and  the  gravimetric  results. 
For  Na20,  out  of  24  samples  only  3  showed 
differences  in  percentage  greater  than  0.10. 
For  K2O,  9  samples  showed  differences  in 
percentage  greater  than  0.10,  but  only  1  of 
these  differences  was  greater  than  0.15.  The 
average  difference  in  percentage  for  sodium 
was  0.054  while  that  for  potassium  was  0.076. 
Since  in  most  cases  the  gravimetric  result 
represents  only  one  determination,  there  is  no 


100 


Table  6. — Combined  effect  of  1,700  p.p.m. 
calcium  oxide  and  reagent  impurities  on 
the  alkali  determinations  with  the  flame 
photometer 

[parts  per  million] 


Na20  added 
0) 

Na20  de- 
termined ' 

K2O  added ' 

K2O  de- 
termined ' 

0 

2.5 

0 

2.0 

5 

7.4 

5 

6.6 

20 

21.3 

20 

18.0 

60 

56.9 

60 

53.5 

80 

75.9 

80 

73.8 

100 

96.1 

100 

91.9 

1  True  concentration. 

2  Apparent  concentration. 

assurance  that  this  result  is  more  accurate 
than  that  obtained  with  the  flame  photometer. 
\  While  data  on  the  reproducibility  of  gravi- 
metric results  are  limited,  table  8  shows  a 
comparison  of  duplicate  gravimetric  results 
for  a  few  materials.  These  analyses  were 
made  in  a  routine  manner,  employing  the 
usual  technique  with  the  average  amount  of 
care.  It  is  noted  that  the  differences  be- 
tween the  results  of  duplicate  tests  by  the 
gravimetric  method  are  of  the  same  order  as 
differences  between  results  of  the  gravimetric 
and  flame-photometer  methods. 

The    differences    between    gravimetric    and 
flame-photometer  test  results  found  in  this 
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paper  compare  favorably  with  differences 
reported  for  other  applications  of  the  flame 
photometer.  Barnes  and  others  (2)  recently 
described  a  method  involving  the  use  of  an 
interna!  standard  (lithium)  in  an  instrument 
using  filters  to  isolate  the  desired  wave  length. 
While  their  data  for  clays  gave  only  the  total 
alkali  (Na20  +  K:0)  determined  by  chemical 
means,  their  < ^  inferences  are  of  the  same  order 
or  slightly  iiigher  in  most  cases  than  the 
differences  shown  in  this  work. 

For  portland  cement  analyses  the  concen- 
tration of  the  test  solution  is  such  that  1 
p.p.m.  is  equivalent  to  0.01-percent  alkali 
oxide.  Results  obtained  in  the  Public  Roads 
laboratory,  as  well  as  those  which  appear  in 
various  unpublished  reports  and  in  a  report 
by  Eubank  and  Bogue  (4),  show  an  average 
difference  in  percentage  between  gravimetric 
and  flame-photometer  results  of  from  0.01  to 
0.03  for  Na20  and  from  0.02  to  0.03  for  K20. 
In  the  method  for  siliceous  materials  the  con- 
centration of  the  test  solution  is  such  that  1 
p.p.m.  is  equivalent  to  0.05  percent.  Thus, 
while  the  actual  difference  reported  for  port- 
land  cement  is  less,  the  difference  in  terms  of 
concentration  of  test  solution  in  parts  per 
million  is  approximately  the  same. 

Application    to    Non-Portland 
Hydraulic  Cements 

An  interesting  observation  may  be  made  in 
connection  with  the  pozzolanic  cements  shown 
in  table  7.  Flame-photometer  results  for 
these  same  cements  by  the  tentative  A.S.T.M. 
method  for  portland  cements  (/)  gave,  for 
sample  23,  0.09  percent  Na20  and  0.39  per- 
cent K20,  and  for  sample  24,  0.13  percent 
Na20  and  0.59  percent  K20.  These  values 
are  considerably  less  than  those  obtained  by 
gravimetric  means  or  by  the  method  given 
here.  These  and  similar  cements  have 
alkalies  associated  with  the  acid-insoluble 
residue  which  are  not  brought  into  solution 
by  the  tentative  A.S.T.M.  method  for  port- 
land  cements.  Thus,  the  proposed  procedure 
(Continued  on  page  98,  third  column) 


Table  7. — Comparison  of  results  obtained  by  gravimetric  and  flame-photometer  methods 


Sample 

Amount  of  NaiO 

Amount  of  KaO 

identifi- 
cation 

Material 

Gravi- 
metric i 

Flame 
photom- 
eter 

Differ- 
ence ' 

Gravi- 
metric ' 

Flame 
photom- 
eter 

Differ- 
ence » 

Percent 

Percent 

Percent 

Percent 

1 

Soil 

0.15 
.07 

0.14 
.08 

-0.01 

+.01 

4.08 
3.76 

4.20 
3.87 

+0.12 

+.11 

2 

do.. 

3 

do _ 

.11 

.15 

+.04 

.40 

.34 

-.06 

4 

do.. 

.43 

.45 

+.02 

1.50 

1.61 

+.11 

5..._ 

do 

.84 

.82 

-.02 

2.22 

2.18 

-.04 

6 _ 

do 

1.03 

1.01 

-.02 

2.14 

2.21 

+.07 

7 

do 

.72 

.82 

+.10 

2.06 

2.18 

+  12 

8 

do. 

.39 

.42 

+.03 

1.57 

1.56 

-.01 

9 

do. 

.50 

.52 

+.02 

1.38 

1.41 

+.03 

10 

do. 

.73 

.77 

+.04 

2.88 

2.94 

+.06 

11 

do.. 

.49 

.58 

+.09 

1.59 

1.73 

+.14 

12 

do 

.92 

.93 

+.01 

2.00 

2.24 

+.24 

13 

do 

.84 

.90 

+.06 

2.08 

2.18 

+.10 

14 

do 

.10 

.10 

.00 

.21 

.16 

-.05 

15_ 

do 

.15 

.06 

-.09 

.53 

.51 

-.02 

16     .. 

...do 

.31 

.19 

.18 
.15 

-.13 
-.04 

1.32 
.68 

1.31 
.75 

-.01 

+.07 

17. _ _ 

Slag 

18 

Trap  rock 

2.52 

2.77 

+.25 

.76 

.77 

+.01 

19  . 

.    do 

2.64 
3.90 

2.69 
4.08 

+.05 
+.18 

.79 
3.08 

.90 
3.23 

+.11 
+.15 

20... _ 

Diorite 

21 

Fly  ash 

.25 

.25 

.00 

2.34 

2.34 

.00 

22. 

do 

2.74 

2.69 

-.05 

.81 

.96 

+.15 

23 

Pozzolanic  cement 

do 

.21 
.16 

.19 
.15 

-.02 
-.01 

1.23 
.86 

1.24 
.89 

+.01 
+.03 

24.... 

Average 

.054 

.076 

'Analyses  made  by  J.  Lawrence  Smith  method  of  fusion,  with  potassium  being  determined  as  KjPtCU  and  sodium  ob- 
tained by  difference  from  the  weight  of  the  combined  sulfates. 

>  Calculated  by  subtracting  the  gravimetric  from  the  flame  photometer  result. 


Table  8. — Comparison  of  results  obtained  in  duplicate  tests  by  the  gravimetric  determina- 
tion of  sodium  and  potassium  oxide  1 


Sample  identi- 
fication 

Material 

Amount  of  NajO  found 

Amount  of  KjO  found 

Testl 

Test  2 

Differ- 
ence 

Testl 

Test  2 

Differ- 
ence 

1 

Soil 

Percent 

0.14 

.09 

.51 

.21 

2.65 

2.65 

3.83 

.23 

.21 

.17 

Percent 

0.16 

.14 

.36 

.17 

2.50 

2.64 

3.98 

.27 

.21 

.15 

0.02 
.05 

.15 
.04 
.05 
.01 
.15 
.04 
.00 
.02 

.053 

Percent 
4.08 

.38 
1.55 

.66 

.76 

.81 
3.17 
2.29 
1.17 

.85 

Percent 

4.08 

.43 

1.45 

.48 

.76 

.77 

3.00 

2.38 

1.29 

.88 

0.00 
.05 
.10 
.18 
.00 
.04 
.17 
.09 
.12 
.03 

.078 

3 

4 

do _ 

.do 

17 

Slag 

18 

19 

Trap  rock. 

.do 

20 

Diorite 

21 

Fly  ash 

23. 

Pozzolanic  cement 

do. 

24 

Average..  . 

1  Samples  analyzed  by  J.  L.  Smith  method  of  fusion  with  CaCOj. 
mined  by  difference  from  the  weight  of  the  combined  sulfates. 
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Design  Capacity  Charts 

for  Signalized  Street  and  Highway  Intersections 


THE  recently  published  Highway  Capac- 
ity Manual "  has  furnished  highway 
and  traffic  engineers  with  much-needed  data 
for  the  design  and  improvement  of  streets 
and  highways.  This  up-to-date  informa- 
tion, which  is  largely  based  on  field  ob- 
servations rather  than  on  theory,  should 
be  applied  to  all  design  problems  to  assure 
the  provision  of  appropriate  and  adequate 
highway  facilities.  The  capacity  of  most 
streets  or  urban  highways,  except  those 
in  the  freeway  class,  is  determined  largely 
by  the  volumes  of  traffic  that  can  be  handled 
at  the  intersections.  Part  V  of  the  Manual 
presents  a  method  of  analysis  for  the  cal- 
culation of  capacity  at  signalized  intersec- 
tions under  various  conditions.  Although 
this  method  is  quite  complete  and  is  con- 
cisely stated  in  the  Manual,  its  application, 
with  the  numerous  steps  necessary  to  obtain 
the  result,  is  apt  to  become  involved  for 
complicated   problems. 

A  graphic  analysis  method,  based  on 
Part  V  of  the  Manual,  is  presented  here 
to  facilitate  the  determination  of  capacities 
of  signalized  intersections.  The  value  of 
charts  is  recognized  in  all  fields  of  engineer- 
ing, and  their  application  is  well  demon- 
strated as  a  short  cut  for  the  use  of 
cumbersome  formulas  and  detailed  calcu- 
lations. Such  charts  are  of  considerable 
value  in  visual  demonstration  of  the  effect 
of  each  variable  included.  The  design  ca- 
pacity charts  developed  here  for  the  analysis 
of  various  types  of  signal-controlled  inter- 
sections on  two-way  streets,  one-way  streets, 
and  expressways  are  presented  with  prob- 
lem examples  to  demonstrate  their  use. 

A  highway  intersection,  like  any  other 
structure,  must  be  designed  for  the  loads 
it  is  required  to  carry.  In  the  case  of  a 
signalized  intersection  the  loads  are  estab- 
lished by  the  volume,  density,  composition, 
and  distribution  of  traffic  using  the  inter- 
secting facilities.  The  geometric  features 
of  design  are  determined  by  these  traffic 
loads  and  their  relation  to  physical  char- 
acteristics and  economic  considerations  of 
the  site  or  locality,  and  to  the  type  of 
facilities  involved. 


1  Acknowledgment  is  made  to  D.  W.  Loutzenheiser, 
W.  P.  Walker,  J.  S.  Biscoe,  and  J.  A.  Desch  for  assist- 
ance in  the  preparation  and  review  of  the  manuscript. 

2  Highway  Capacity  Manual,  by  the  Committee  on 
Highway  Capacity,  Department  of  Traffic  and  Opera- 
tions, Highway  Research  Board:  published  by  the 
Bureau  of  Public  Roads,  1950.  Hereafter  referred  to 
in   the   text  as   the  Manual. 


The  rational  determination  of  highway 
capacity  is  now  recognized  as  an  important 
part  of  highway  planning  and  design.  The 
recently  published  Highway  Capacity  Manual 
provided,  for  the  first  time,  a  complete, 
practical  method  for  the  calculation  of  inter- 
section capacities.  The  method  developed 
was  an  arithmetic  process,  and  for  those 
who  prefer  a  graphic  procedure  the  charts 
presented  in  this  article  were  devised.  In 
addition  to  their  convenience,  the  charts 
are  of  value  in  visual  demonstration  of  the 
effects    of    the    many    variables    involved. 

Data  Needed  for  Capacity  Analysis 

Knowing  the  design  traffic  loads  and  the 
physical  and  economic  limitations,  an  inter- 
section design  can  be  made  in  one  of  two 
manners:  (1)  a  geometric  layout  can  be 
prepared  and  by  capacity  analysis  checked 
for  its  suitability  to  carry  the  anticipated 
traffic;  or  (2)  the  design  traffic  loads  can 
be  used  in  capacity  analyses  to  determine 
the  necessary  control  dimensions  and  op- 
erating conditions.  In  either  event  a  capac- 
ity analysis  is  required,  for  which  proper 
data  are  essential.  Often  only  the  average 
daily  traffic  on  each  intersecting  street  is 
available.  This  can  serve  as  a  general 
guide  but  may  be  of  little  direct  value  in 
the  intersection  design.  For  proper  ca- 
pacity analyses  the  following  information 
is   needed: 

Traffic  volume  and  distribution. — Direc- 
tional design  volumes  of  traffic  on  each  ap- 
proach to  the  intersection,  with  breakdown 
as  to  through,  left-turning,  and  right-turn- 
ing movements,  together  with  factors  for 
anticipated  future  traffic  increases.  In 
urban  and  suburban  areas,  data  are  needed 
for  simultaneous  movements  during  both 
the  morning  and  evening  peaks  to  deter- 
mine  the   critical   conditions. 

Trucks  and  blisses. — Classification  of  these 
traffic  volumes  to  show  percentage  of  trucks 
and  busses. 

Bus  stops. — Near-side  or  far-side  location 
of  bus  stops  and  approximate  number  of 
busses  using  them  during  the  peak  hours. 

Type  of  area. — Classification  of  intersec- 
tion site  conditions  as  downtown,  interme- 
diate, or  outlying  area. 

Traffic  signals. — Type  and  over-all  con- 
trol  conditions   of  traffic   signals  used. 


By  J.  E.  LEISCH,  Highway  Engineer, 
Urban  Highway  Branch, 
Bureau  of  Public   Roads 

Miscellaneous. — Requirements  for  park- 
ing and  for  pedestrians,  space  limitations 
of  pavement  and  right-of-way  areas,  and 
other   physical  controls. 

Development  of  Capacity  Charts 

The  design  capacity  charts  are  based  on 
the  information  contained  in  part  V,  Sig- 
nalized Intersections,  of  the  Manual,  par- 
ticularly the  data  given  in  figures  24  and 
26  (pp.  79,  84),  and  the  section  on  ad- 
justments for  specific  conditions  (pp.  87- 
91).  Any  one  intersection  may  have  as 
many  as  eight  conditions  for  which  ad- 
justments must  be  made  in  ox*der  to  deter- 
mine its   capacity. 

The  charts  presented  here  incorporate 
all  of  these  adjustments,  so  that  for  any 
known  condition  the  intersection  capacity 
can  be  obtained  directly  without  reference 
to  the  various  Manual  adjustment  values. 
In  constructing  the  charts  all  of  the  ad- 
justments are  precisely  accounted  for  and 
no  short-cuts  or  approximations  are  made. 
The  results  obtained  by  the  use  of  these 
charts  are  the  same  as  those  from  the 
long-hand  method  in  the  Manual.  There 
is  one  added  adjustment  to  the  Manual 
data,  as  explained  later,  in  the  form  of  a 
factor  to   obtain   "design"   capacity. 

The  material  on  capacity  of  signalized 
intersections  could  have  been  combined  on 
a  few  charts  to  cover  all  conditions  for  the 
various  types  of  facilities,  but  such  charts 
would  be  unduly  complex.  Accordingly,  it 
was  decided  to  prepare  a  larger  number  of 
charts  tach  containing  the  data  for  a 
selected  condition.  Thest  charts  are  indi- 
vidually explained  in  the  following  discus- 
sion, and  examples  of  their  proper  use  are 
given  in  each  case. 

General  Terms   Used 

In  order  to  simplify  the  terms  on  the 
charts  and  in  the  examples,  a  system  of 
symbols  was  adopted  for  the  variable  con- 
ditions that  affect  capacity,  as  follows : 

W/2  Pavement  width,  in  feet,  of  one 
approach  to  the  intersection.  For  the  two- 
way  facilities  it  is  normally,  but  not  neces- 
sarily, one-half  of  the  curb-to-curb  width. 
For  one-way  facilities  it  is  the  normal 
curb-to-curb  width,  exclusive  of  separate 
turning  lanes. 
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T  Trucks  and  busses  on  the  one  ap- 
proach, expressed  as  a  percentage  of  the 
total  volume  on  that  approach  (exclusive 
of  light  delivery  trucks). 

II  Right-turning  vehicles  (of  all  types) 
01  the  one  approach,  expressed  as  a  per- 
centage of  the  total  volume  on  that  ap- 
proach. 

L  Left-turning  vehicles  (of  all  types) 
on  the  one  approach,  expressed  as  a  per- 
centage   of   the   total    volume   on    that   ap- 


proach. 

B  Location  (or  nonexistence)  of  a  bus 
stop  at  the  intersection,  described  as  near- 
side stop,  far-side  stop,  or  no  bus  stop. 

D  Distance  in  feet  that  parking  is  pro- 
hibited in  advance  of  the  intersection,  on 
the  approach  under  consideration. 

G/C  Proportion  of  total  time  during 
the  peak  hour  that  the  signal  is  green  for 
the  movement  of  traffic  from  the  one  ap- 
proach, where   G   is  the   green   interval   in 

Part  I  -Two-Way  Streets 


seconds  and  C  is  the  total  cycle  (including 
the  green,  amber,  and  red  intervals)  in 
seconds. 

K  Design  capacity  of  one  approach,  ex- 
pressed in  vehicles  per  hour. 

P  Possible  capacity  of  one  approach, 
expressed    in   vehicles   per   hour. 

These  terms  apply  to  all  charts.  Addi- 
tional terms  relative  to  special  conditions 
are  described   as  they  occur  in  the  text. 


DESIGN  CAPACITY  FACTORS 

The  basic  data  for  intersection  capacities 
of  two-way  streets,  expressed  in  terms  of 
average  maximum  volumes  observed  at 
street  intersections,  are  shown  in  figure  l.8 
These  data,  to  a  large  degree,  represent 
a  condition  with  a  continual  backlog  of 
vehicles  on  the  intersection  approach  so  that 
some  drivers  waited  through  two  or  more 
cycle  changes.  In  view  of  this,  the  Manual 
recommends  the  use  of  90  percent  of  the 
values  in  figure  1  for  what  is  termed  prac- 
tical capacity.  At  practical  capacity,  ac- 
cording to  the  Manual,  traffic  will  pass 
through  the  intersection  with  few  drivers 
having  to  wait  longer  than  for  the  first 
green  period.  In  examining  these  data, 
the  Committee  on  Planning  and  Design 
Policies  of  the  American  Association  of 
State  Highway  Officials  considered  that  the 
constant  factor  of  90  percent  for  design 
was  not  representative  for  all  cases.  With 
recognition  of  the  variable  conditions  of 
street  width,  type  of  area,  and  parking 
regulation,  the  Committee  recommends  that 
design  capacity  be  determined  by  applica- 
tion of  a  factor  in  the  range  of  70  to  90 
percent   of    the    values    obtained    from    the 


'This  is  figure  24    (p.  79)    in  the  Manual. 


Manual  data  and  shown  here  in  figure  1. 
The  percentages  for  conversion  of  the 
average  values  of  figure  1  to  design  ca- 
pacities, as  used  herein  to  construct  the 
charts,  are  shown  in  table  1. 

It  may  be  noted  that  an  80-  or  90-percent 
factor  is  used  for  the  majority  of  cases. 
The  70-percent  factor  is  used  only  for  the 
narrower  streets  on  which  parking  is  per- 
mitted on  both  sides  and  only  one  lane  is 
available  for  moving  traffic  in  each  direc- 
tion. 

To  demonstrate  the  application  of  table 
1,  consider  a  two-way,  60-foot  street,  with 
parking  on  both  sides,  situated  in  an  in- 
termediate area.  On  this  street  four  lanes 
(two  in  each  direction)  are  available  for 
movement  of  traffic.  In  figure  1,  using  a 
60-foot  street  and  curve  for  intermediate 
area  with  parking  permitted,  an  average 
maximum  volume  of  1,440  vehicles  per 
hour  of  green  is  given  for  one  approach. 
In  table  1,  for  intermediate  area,  four 
traffic  lanes,  and  with  two  parking  lanes, 
the  adjustment  factor  is  80  percent.  De- 
sign capacity  of  one  approach  on  this  street 
is  1,440X0.80  =  1,150  vehicles  per  hour  of 
green. 

In  addition  to  this  adjustment  for  design 
capacity,  which  is  incorporated  in  the  de- 


Table    1. — Conversion  of  average  maximum  volumes  to  design  capacity  volumes 


Parking  conditions 

Percentages  to  convert  average  maximum  volumes  '  to  design 
capacities,  when  the  number  of  traffic  lanes  2  is — 

Two  lanes 

Four  lanes 

Six  lanes 

Eight  lanes 

Downtown  areas: 

Without  parking  lanes 

80 
70 

80 
70 

80 
80 

80 
80 

80 
90 

90 
90 

80 
90 

Intermediate  areas: 

Without  parking  lanes 

With  two  parking  lanes 

From  figure  1.     J  Exclusive  of  parking  lanes;  percentages  apply  to  lane  widths  for  moving  traffic  in  range  of  10-12  feet. 
Table   2. — Factor  f  for  conversion  of  design  capacity  to  possible  capacity 


Type  of  area 

Factor/,  when  W/2  ( 

n  feet)  is- 

22  or 
less 

24-26 

28-30 

32-34 

36-38 

40-42 

44-48 

No  parking: 

1.4 
1.4 

1.6 
1.6 

1.4 
1.3 

1.5 
1.5 

1.4 
1.25 

1.4 
1.4 

1.4 
1.2 

1.3 
1.3 

1.4 
1.2 

1.25 
1.3 

1.4 
1.2 

1.2 
1.25 

1.4 
1.2 

1.2 
1.2 

With  parking: 

sign  capacity  charts,  it  may  be  necessary 
to  make  a  further  adjustment  to  reflect 
the  character  and  habits  of  drivers  in  a 
particular  city  or  locality.  Since  the  data 
in  figure  1  are  the  average  of  all  inter- 
sections measured,  and  are  representative 
of  many  cities  throughout  the  country,  the 
maximum  volumes  recorded  at  some  inter- 
sections were  either  above  or  below  the 
average  curves  shown  in  figure  1.  The 
relation  between  actual  intersection  capaci- 
ties in  a  given  locality  and  those  obtained 
by  either  the  Manual  method  or  the  design 
capacity  charts  can  be  expressed  as  a 
factor,  which  may  be  more  or  less  than 
unity.  This  relation,  referred  to  as  the 
"city  factor,"  may  be  determined  as  de- 
scribed later  on  in  the  section  on  Special 
Conditions,  item  11,  and  applied  as  a  final 
adjustment  to  the  results  obtained  from 
the    design    capacity    charts. 

RELATION  OF  DESIGN  CAPACITY 
TO  POSSIBLE  CAPACITY 

Design  capacity  is  by  no  means  the  maxi- 
mum volume  that  can  be  handled  at  an 
intersection,  but  is  a  value  that  preferably 
should  be  used  in  design  to  provide  favor- 
able operating  conditions.  Whereas  design 
capacity  represents  a  volume  of  traffic 
that  will  pass  through  the  intersection 
with  few  drivers  having  to  wait  longer 
than  for  the  first  green  period,  possible 
capacity  represents  the  maximum  volume 
of  traffic  that  can  pass  through  the  inter- 
section with  a  continual  backlog  of  waiting 
vehicles.  The  latter  condition  would  be 
considered  by  most  drivers  as  too  congested, 
since  some  drivers  would  be  obliged  to 
wait  through  two  or  more  signal  cycles 
before  proceeding  through  the  intersection. 
Because  of  site  conditions  and  right-of-way 
costs  at  some  intersections,  it  may  not  be 
feasible  to  provide  facilities  based  on  de- 
sign capacity.  In  such  cases  facilities  ade- 
quate for  possible  capacity  may  be  the 
best  that  can  be  provided. 

Possible  capacity,  according  to  the  Man- 
ual, is  110  percent  of  the  average  maximum 
volumes  reported  in  figure  1.  Design  ca- 
pacity, on  the  other  hand,  as  used  herein, 
is  expressed  as  70,  80,  or  90  percent  of 
the  values  in  figure  1.  The  relation  be- 
tween design  capacity  and  possible  capacity 
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TOTAL  WIDTH  OF  TWO-WAY  STREET  IN  FEET 

•includes  street  space  occupied  by  parked  vehicles,  car  tracks  and  loading  platforms  if  any 

Figure    1. — Average    maximum    volumes    at    intersections    on    two-way    streets,    for    different    widths    and    by    type    of    area    and 


is  the  ratio  of  these  percentage  values. 
This  ratio  provides  a  factor  for  determin- 
ing possible  capacity  directly  from  the  chart 
values  for  design  capacity.  Table  2  shows 
these  factors,  hereafter  referred  to  as  /, 
for  various  conditions  and  ranges  of  ap- 
proach width. 

The  knowledge  of  possible  capacity  is 
needed  in  many  instances.  Although  an 
intersection  may  be  designed  for  design  ca- 
pacity, possible  capacity  will  indicate  the 
volumes  that  can  be  handled  (with  some 
congestion)  on  certain  peak  days  during 
the  year.  Or,  knowing  possible  capacity, 
an  estimate  can  be  made  of  the  future  point 
in  time  when  no  further  increase  in  traffic 
can  be  handled. 

Moreover,  where  separate  turning  lanes 
are  provided,  it  may  not  be  feasible,  accord- 
ing to  the  distribution  of  traffic,  to  accom- 
modate each  movement  at  design  capacity. 
One  of  the  turning  movements  may  have 
to  be  designed  to  operate  at  or  near  possible 
capacity.  Design  capacity  of  a  separate 
turning  lane  is  considered  to  be  the  same 
as  its   practical   capacity.      Since   practical 

PUBLIC  ROADS  •  Vol.  26,  No. 


parking  regulation. 

capacity  on  an  average  is  80  percent  of 
possible  capacity,  the  possible  capacity  of 
a  separate  turning  lane  is  1.2  times  its  prac- 
tical capacity. 

Experience  has  indicated  that  in  some 
instances,  particularly  in  highly  developed 
areas,  practical  and  economic  considerations 
preclude  widening  or  otherwise  improving 
an  intersection  to  accommodate  the  traffic 
demand  without  some  congestion.  Since  the 
traffic  for  which  an  intersection  is  designed 
is  a  future  volume  (design  volume),  the  in- 
tersection generally  will  operate  satisfac- 
torily initially  even  when  designed  for  pos- 
sible capacity.  However,  in  the  future  when 
traffic  builds  up  and  equals  the  possible  ca- 
pacity, a  new  facility  to  accommodate  fur- 
ther expansion  of  traffic  becomes  essential. 
Furthermore,  when  the  traffic  demand  ex- 
ceeds the  possible  capacity,  operating  con- 
ditions will  not  only  be  unsatisfactory  but 
the  total  number  of  vehicles  desiring  to 
use  the  street  cannot  be  served.  Thus,  the 
use  of  possible  capacity  in  design,  where 
the  use  of  design  capacity  is  not  feasible, 
definitely  limits  the  life  of  the  facility  to 


the    date    when    the    assumed    volume    is 
reached. 

Possible  capacity  determined  by  use  of 
the  design  capacity  charts  and  table  2  is  the 
same  as  that  obtained  by  the  Manual 
method.  However,  the  design  capacity  as 
found  by  these  charts,  except  for  the  nar- 
row streets  with  parking  on  which  only  one 
lane  is  available  for  movement  of  traffic  in 
each  direction,  is  0-10  percent  lower  than 
the  practical  capacity  given  in  the  Manual. 
The  value  of  practical  capacity,  if  desired, 
can  also  be  obtained  from  the  design  ca- 
pacity charts,  as  follows:  (1)  obtain  de- 
sign capacity  from  charts  2-6,  (2)  mul- 
tiply by  appropriate  /  in  table  2,  and  (3) 
multiply  the  result  by  0.80. 

INTERSECTIONS  WITH  AVERAGE 
CONDITIONS 

The  first  step  in  the  development  of  the 
capacity  charts  was  the  conversion  of  aver- 
age maximum  volumes  to  design  capacity 
volumes  for  average  conditions.  This  was 
accomplished  by  application  of  the  percent- 
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ages  in  table  1  to  the  curves  of  figure  1, 
resulting  in  curves  I-IV  in  the  upper  part 
of  chart  1*  These  curves  serve  as  bases 
for  the  construction  of  other  charts  for 
two-way  streets.  They  give  design  capacity 
in  vehicles  per  hour  of  green  (horizontal 
scale  not  shown).  To  convert  such  values 
into  form  for  direct  design  use,  the  G/C 
ratio  curves  are  plotted  in  the  lower  part  of 
the  chart.  Using  these,  values  can  be  read 
on  the  right  vertical  scale  as  design  ca- 
pacity in  vehicles  per  hour. 

Chart  1  is  applicable  only  to  average  con- 
ditions, but  is  convenient  for  use  in  ad- 
vance planning  and  in  early  stages  of  pre- 
liminary design.  It  can  also  be  used  to 
obtain  an  approximate  value  of  design  ca- 
pacity at  any  intersection  where  all  of  the 
conditions  are  not  precisely  known  but  where 
the  proportions  of  commercial  vehicles,  turn- 
ing movements,  etc.,  may  be  termed  aver- 
age. The  subsequent  charts  include  the 
adjustment  factors  applied  to  these  aver- 
age basic  values,  to  obtain  capacities  for 
specific  conditions. 

Problems  1,  2,  and  3  demonstrate  the  use 
of  chart  1.  The  sequence  through  the  chart 
may  be  as  follows :  enter  at  left  with  given 
width  of  approach;  proceed  right  to  appro- 
priate curve  designating  the  type  of  area 
and  parking  regulation;  at  this  point  turn 
at  right  angles  and  project  downward  to 
proper  G/C  curve;  again  turn  at  right 
angles  and  proceed  right;  read  result,  de- 
sign capacity  of  one  approach  in  vehicles 
per  hour,  on  the  right  vertical  scale.  The 
chart  may  also  be  used  in  the  reverse  order, 
by  entering  at  the  right  with  a  given  ap- 
proach volume  and  reading  the  result,  width 
of  approach  required,  on  the  upper  left 
scale. 

Problem      1 

What  is  the  design  capacity  of  a  two- 
way  street,  66  feet  wide  curb-to-curb,  with 
parking  prohibited,  in  an  intermediate 
area?  Major  intersections  are  signalized. 
Specific  data  regarding  commercial  vehicles, 
turning  movements,  etc.,  are  not  known, 
but  conditions  are  assumed  to  be  average. 
Half  of  the  time  during  the  hour  can  be 
allotted  to  green  on  this  street. 

Solution:  Using  PF/2=66/2=33  and 
G7C=0.50,  and  following  the  arrows  indi- 
cated in  chart  1,  it  is  found  that  design  ca- 
pacity A'=880  v.p.h.  in  one  direction.  If 
parking  were  permitted,  K  would  be  650 
v.p.h. 

Problem      2 

A  major  street  consisting  of  a  narrow 
median  and  two  24-foot  pavements,  with 
no  parking,  in  a  downtown  area,  carries  a 
volume  of  950  v.p.h.  in  one  direction  dur- 
ing the  peak  hour.  A  signal  is  to  be  in- 
stalled at  a  cross  street.  If  conditions  are 
assumed  to  be  average,  what  should  be  the 
minimum  green  interval  on  the  major  street 
in  order  to  accommodate  950  v.p.h.,  if  a  cycle 


4  The  illustrative  figures,  incorporated  in  the  text, 
and  the  graphic  analysis  charts,  grouped  for  con- 
venience on  pp.  125-139,  are  independently  numbered 
as    separate    series. 


of  70   seconds  is  used? 

Solution:  Enter  chart  1  at  left  with 
W/2=24,  proceed  right  to  curve  I,  then 
down  to  lower  graph  until  a  horizontal  pro- 
jection of  950  v.p.h.  is  intersected;  G/C  is 
interpolated  as  0.67.  The  minimum  green 
interval  with  a  70-second  cycle  is,  therefore, 
70X0.67=47  seconds. 

Problem      3 

In  a  downtown  area  a  two-way  58-foot 
street,  with  parking,  intersects  a  two-way 
44-foot  street  with  no  parking.  The  former 
is  to  accommodate  a  peak-hour  volume  of 
530  v.p.h.  in  one  direction.  If  conditions  are 
assumed  to  be  average,  and  a  60-second 
cycle  is  used  (of  which  6  seconds  are  al- 
lotted to  amber)  what  should  be  the  green 
interval  on  the  58-foot  street  for  operation 
at  design  capacity?  What  would  be  the 
resultant  green  interval  and  design  capacity 
of  one  approach  on  the  44-foot  street? 
What  would  be  the  possible  capacity  of  this 
approach? 

Solution:  Enter  chart  1  at  left  with 
FF/2=58/2=29,  proceed  to  right  to  curve 
III,  then  down  to  lower  graph  until  a  hori- 
zontal projection  of  530  v.p.h.  is  intersected; 
G/C=0.57.  G  on  58-foot  street=60X0.57  = 
34  seconds.  G  on  44-foot  street=60— 34 — 
6=20  seconds;  and  G/C=20/60=0.33. 

For  the  design  capacity  of  the  44-foot 
street,  using  IF/2=44/2=22,  curve  I,  and 
G/C=0.33,  in  chart  1,  K=--420  v.p.h.  in  one 
direction. 

For  the  possible  capacity  of  the  44-foot 
street,  using  /=1.4  from  table  2  for  a  22- 
foot  approach  in  a  downtown  area  with 
no  parking,  P= 420X1.4=  590  v.p.h.  in  one 
direction. 

INTERSECTIONS  WITH  PARKING 
PROHIRITED 

Charts  2  and  3  include  the  adjustments 
for  specific  intersection  conditions  on  two- 
way  streets  where  parking  is  prohibited. 
The  basic  design  capacity  data  are  taken 
from  curves  I  (downtown  area)  and  II  (in- 
termediate area)  in  chart  1.  The  adjust- 
ments included  are  those  enumerated  in 
item  I  on  page  88  of  the  Manual,, covering 
proportions  of  trucks  and  busses,  right 
turns,  left  turns,  and  type  of  bus  stop. 
These  and  the  following  charts  give  the 
adjusted  design  capacity  applicable  for  di- 
rect or  final  design  use,  whereas  chart  1 
is  suitabk  primarily  for  preliminary  in- 
vestigation. 

Chart  2,  applicable  to  downtown  areas 
with  no  parking  allowed,  permits  graphical 
solution  for  a  series  of  capacity  adjustment 
factors.  The  basic  scales  at  the  left  side 
and  at  the  bottom  are  the  same  as  in  chart 
1.  The  intermediate  groups  of  curves  cover 
the  likely  range  in  values  for  the  capacity 
adjustments  as  enumerated  in  the  Manual. 
In  use,  the  sequence  through  the  chart  re- 
quires a  right-angle  change  at  the  applicable 
value  for  each   adjustment. 

The  T,  R,  and  L  adjustments  are  propor- 
tional corrections  in  terms  of  the  vehicles 
involved,  expressed  as  a  percentage  of  the 


total.  The  B  adjustment  is  a  correction 
applied  for  the  far-side,  near-side,  or  no- 
bus-stop  condition.  This  adjustment  covers 
the  cases  where  there  is  a  normal  number  of 
busses  stopping  to  pick  up  or  discharge  pas- 
sengers, resulting  in  some  signal  cycles  dur- 
ing which  no  busses  utilize  the  bus-stop 
area.  The  Bx  line  applies  to  special  cases 
with  high  bus  volumes,  explained  later  on 
in  the  section  on  Special  Conditions. 

Chart  2  will  often  be  used  by  proceeding 
from  the  left-side  to  bottom  scales,  as  shown 
by  arrows.  The  chart  can  also  be  used  in 
the  reverse  order  to  obtain  the  width  of 
approach  required  to  handle  a  given  vol- 
ume. Or,  with  a  given  approach  volume 
and  a  given  width,  the  necessary  ratio  of 
green  time  to  cycle  time  can  be  determined 
readily.  In  the  event  that  the  approach 
width  and  the  G/C  ratio  cannot  be  altered, 
but  capacity  must  be  increased,  the  amount 
of  increase  by  either  elimination  of  left 
turns  or  by  changing  the  bus-stop  condi- 
tion, or  both,  can  be  found  on  the  chart. 

Chart  3  is  similar  in  form  and  use  to 
chart  2,  but  is  for  intermediate  areas  with 
no  parking  allowed.  In  figure  1  it  may  be 
noted  that  the  curves  for  intermediate  areas 
without  parking  and  those  for  outlying  areas 
nearly  coincide.  Since  the  deviation  be- 
tween the  two  is  generally  within  about  2  or 
3  percent,  chart  3  may  be  used  for  both  in- 
termediate and  outlying  areas. 

Charts  2  and  3  apply  to  intersection  ap- 
proaches having  the  conditions  described  on 
the  charts.  The  direct  use  of  the  charts, 
as  indicated  by  example  arrows,  however, 
is  applicable  specifically  to  the  condition 
where  the  volume  of  left-turning  vehicles 
on  the  approach  can  be  handled  without  re- 
quiring a  separate  signal  indication.  A 
check  for  the  capacity  of  left-turn  move- 
ment should  always  be  made  when  using 
charts  2  and  3,  as  explained  later  on  in  the 
section  on  Special  Conditions,  item  5.  For 
simplicity  in  demonstration  and  better  un- 
derstanding of  chart  use,  examples  4-8  are 
purposely  selected  so  that  the  volume  of 
left-turning  vehicles  does  not  exceed  the 
capacity  of  the  left-turn  movement.  The 
maximum  volume  of  left-turning  vehicles 
that  can  be  accommodated  without  a  sep- 
arate signal  indication  on  major  streets  is 
generally  in  the  range  of  80  to  120  v.p.h. 
Further  examples  illustrate  the  use  of  this 
important  control. 

Problem      4 

What  is  the  design  capacity,  in  a  down- 
town area,  of  one  approach  on  a  64-foot 
street  on  which  there  is  no  parking,  where 
the  cycle  is  60  seconds  and  green  interval 
is  27  seconds?  Other  pertinent  data  are 
shown  in  the  upper  part  of  chart  2. 

Solution:  Enter  chart  2  at  left  with 
W/2—32  and  follow  the  arrows  according 
to  each  condition;  /v=780  v.p.h.  in  one 
direction. 

Problem      5 

Determine  the  design  capacity  and  pos- 
sible capacity  of  one  approach  on  a  46-foot 
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street  on  which  there  is  no  parking,  in  a 
downtown  area,  with  other  conditions  at 
the  intersection  as  follows:  T=5%,  i2= 
25%,  L=10%,  B=near-side  stop,  G=36  sec- 
onds, and  C=60  seconds. 

Solution:  With  W72=23  and  G/C=36/60 
=0.60,  from  chart  2,  #=700  v.p.h.  In 
table  2,  /=1.4;  therefore  P=700X  1.4=980 
v.p.h. 

Problem      6 

A  new  two-way  street  on  which  there 
will  be  no  parking,  in  a  downtown  area,  is 
planned  to  cross  an  existing  street.  Ac- 
cording to  the  volume  on  the  existing  street, 
33  percent  of  the  cycle  time  must  be  allotted 
to  green  on  that  street.  Determine  the 
needed  width  of  pavement  on  the  new  street 
if  the  design  peak-hour  volume  in  one  di- 
rection is  1,200  v.p.h.,  and  other  conditions 
are  as  follows:  T=10%,  72=12%,  L=5%, 
B=no  bus  stop,  and  C=preferably  not  over 
70  seconds,  with  6  seconds  amber  per  cycle. 

Solution  :  Sixty-seven  percent  of  the  cycle 
time  is  available  for  amber  and  for  green 
on  the  new  street.  Therefore,  (G+am- 
ber)-C=0.67,  or  (G  +  6)^-70=0.67;  G=41 
seconds,  and  G/C=0.59. 

Enter  chart  2  at  bottom  with  a  peak-hour 
volume  of  1,200  v.p.h.  in  one  direction,  and 
proceed  through  the  chart,  turning  at  G/C= 
0.59,  B=no  bus  stop,  L=5%,  #=12%,  and 
r=10%;  W72=31.5.  If  11-foot  lanes  are 
to  be  used,  the  new  street  should  be  the 
nearest  multiple,  doubled  for  both  direc- 
tions; 33X2  =  66  feet  wide. 

Problem      7 

Determine  the  design  capacity  of  an  in- 
tersection approach  on  a  street  with  a  nar- 
row median  and  two  30-foot  pavements,  in 
an  intermediate  area,  where  other  condi- 
tions are  as  shown  in  the  example  at  the 
top  of  chart  3. 

Solution:  Enter  chart  at  left  with  W/2  = 
30  and  follow  the  arrows  according  to  each 
condition;  #=650  v.p.h.  in  one  direction. 

Problem      8 

In  an  outlying  area  a  two-way,  40-foot 
parkway  is  to  be  crossed  by  a  new  highway. 
On  the  critical  approach  of  the  existing 
parkway,  the  peak-hour  traffic  is  520  auto- 
mobiles in  one  direction  of  which  80  turn 
right  and  45  turn  left.  On  the  critical  ap- 
proach of  the  new  highway  the  design  vol- 
ume is  1,030  v.p.h.,  of  which  7%  are  trucks, 
and  turning  movements  are  10%  and  4%  to 
the  right  and  left,  respectively.  There  will 
be  no  parking  and  no  bus  stops  at  the  in- 
tersection on  either  facility.  If  12-foot 
lanes  are  to  be  used,  how  many  lanes  are  re- 
quired on  one  approach  of  the  new  facility? 

Solution :  It  is  first  necessary  to  deter- 
mine the  proportion  of  green  time  required 
for  the  existing  parkway.  From  chart  3, 
using  W/2=20,  T=0%,  72=80-^-520=15%, 
L=45-^520=9%,  and  no  bus  stops,  and  in- 
tersecting from  a  volume  of  520  v.p.h.,  it  is 
found  that  G/C=0.43. 

Assume  C=60  seconds  and  total  amber 
period  is  6  seconds.     Then,  G  for  parkway 
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traffic  is  0.43X60=26  seconds,  and  G  for 
traffic  on  the  new  highway  is  60—26—6=28 
seconds. 

To  determine  the  required  width  of  the 
new  facility,  enter  chart  3  at  the  bottom 
with  a  design  volume  of  1,030  v.p.h.  and 
proceed  up  and  to  the  left  using  G/C=28/60 
=0.47,  B=no  bus  stop,  L=4%,  72=10%, 
and  T=7%;  W2=37  feet.  At  least  three 
12-foot  lanes,  therefore,  are  required  on  the 
new  highway  in  each  direction  of  travel. 

INTERSECTIONS  WITH  PARKING 
PERMITTED 

Charts  4  (for  downtown  areas)  and  6 
(for  intermediate  areas)  include  the  ad- 
justments for  specific  intersection  condi- 
tions on  two-way  streets  with  parking 
permitted.5  Basic  data  are  from  curves  III 
and  IV  of  chart  1.  The  adjustments  in- 
cluded are  those  enumerated  in  item  I  on 
pages  88  and  89  of  the  Manual.  Charts 
4  and  6  are  similar  to  charts  2  and  3  in 
form  and  use,  except  that  a  new  factor  Z, 
for  correction  for  bus  stops,  is  introduced. 
Chart  5  is  a  supplement  to  charts  4  and 
6  to  derive  the  adjustment  factor  for  the 
combined  correction  for  bus-stop  condition 
and  parking  restriction.  This  correction  is 
determined  separately  for  near-side,  far- 
side,  and  no-bus-stop  condition.  In  chart 
5A,  for  the  near-side  bus-stop  condition, 
Z  is  determined  directly  from  the  72-rL 
values.  In  chart  5B,  for  the  far-side  bus- 
stop  condition,  Z  is  determined  from  D,  G, 
and  R-tL  values,  used  jointly.  In  chart 
5C,  for  the  condition  with  no  bus  stops, 
the  same  three  values  are  used  jointly 
in  a  different  relation.  On  determination 
of  the  Z  value  from  chart  5  for  the  proper 
condition,  use  is  then  made  of  charts  4  and 
6  in  the  manner  previously  described  for 
charts   2  and  3. 

As  in  the  case  of  charts  2  and  3,  the 
direct  use  of  charts  4  and  6  applies  to  the 
condition  where  the  volume  of  left-turning 
vehicles  on  the  approach  can  be  accommo- 
dated without  requiring  a  separate  signal  in- 
dication. For  simplicity  in  presentation,  ex- 
amples 9-13  were  selected  so  that  this  con- 
dition is  satisfied,  although  in  actual  prac- 
tice a  check  for  the  capacity  of  left-turn 
movement  should  always  be  made  when 
using  charts  4  and  6,  as  later  explained  in 
the   section  on   Special    Conditions,   item  5. 

Problem      9 

Determine  the  design  capacity  of  one 
approach  on  a  two-way,  84-foot  street,  with 
parking,  in  a  downtown  area,  on  which 
other  conditions  at  the  intersection  are  as 
listed    at    the    top   of   chart   4. 

Solution :  Since  the  bus  stop  is  on  the 
far  side,  chart  5B  is  used:  for  ,D=155  feet, 
G=34  seconds,  and  72-rL=22%,  Z=17.5. 
Using  this  and  the  other  conditions  listed, 
the  arrows  in  chart  4  indicate  a  design 
capacity  #  of  950  v.p.h.  on  the  one  approach. 


'-  In  this  article,  as  in  the  Manual,  parking  parallel 
to  the  curb  is  the  only  type  considered.  Diagonal  park- 
ing would  obviously  have  a  much  different  effect  on 
traffic    flow. 


Problem    10 

If  all  of  the  conditions  in  problem  9 
remain  the  same  except  that  the  bus  stop 
is  placed  on  the  near  side,  and  there  is  no 
parking  restriction  on  the  far  side,  what 
will   be   the   design   capacity? 

Solution:  In  this  case  chart  5A  is  used 
first  to  obtain  (with  72+L=22%)  a  value 
of  Z=5.5.  Then,  using  chart  4,  #=860 
v.p.h.  Shifting  the  bus  stop  from  the  far 
to  the  near  side  would  decrease  the  capacity 
by    90    v.p.h. 

Problem    11 

If,  in  problem  10,  the  155-foot  parking 
restriction  in  advance  of  the  intersection 
is  retained,  and  all  of  the  conditions  remain 
the  same  except  that  the  bus  stop  is  com- 
pletely removed,  what  will  be  the  design 
capacity? 

Solution:  Chart  5C  must  be  used,  from 
which  a  value  of  Z=12  is  obtained.  Then, 
using  chart  4,  #=910  v.p.h.  This  is  50 
v.p.h.  more  than  with  the  bus  stop  on  the 
near  side  (problem  10),  but  40  v.p.h.  less 
than  with  the  bus  stop  on  the  far  side 
(problem  9).  The  reason  for  the  latter 
difference  is  that  the  bus-stop  area  on  the 
far  side  (in  problem  9)  is  used  to  some 
extent  when  no  bus  is  standing,  by  vehicles 
proceeding  through  the  intersection. 

Problem    12 

If  the  one  approach  of  a  two-way  street 
with  parking,  in  an  intermediate  area,  is 
32  feet  wide,  what  is  the  design  capacity 
when  other  controlling  conditions  are  as 
listed  at  the  top  of  chart  6? 

Solution:  Using  chart  5A,  with  72+L= 
29%,  Z=6.  Then,  with  the  other  conditions 
as  listed,  the  arrows  on  chart  6  indicate  a 
design  capacity  K  of  770  v.p.h.  on  the  one 
approach. 

Problem    13 

As  shown  in  figure  2,  an  east-west,  two- 
way  street  in  an  intermediate  area  is  52 
feet  wide  and  has  parking  permitted  on 
the  north  side  oniy.  Two  lanes  are  avail- 
able for  moving  traffic  on  both  the  west 
and  east  approaches.  The  critical  condition 
on  the  west  approach  occurs  during  the 
evening  peak  hour  and  on  the  east  approach 
during  the  morning  peak  hour.  What  are 
the  design  and  possible  capacities  of  the 
two  approaches  under  the  conditions  in- 
dicated? To  what  extent  can  capacity  be 
increased  on  the  east  approach  by  elimi- 
nating parking  for  a  half-block  length  (D= 
170  feet  or  more)  in  advance  of  the  inter- 
section? 

Solution:  For  the  west  approach,  since 
there  is  no  parking,  chart  3  is  applicable 
and,  with  the  conditions  given  in  figure  2, 
#=640    v.p.h. 

In  table  2,  for  an  approach  width  of  21 
feet,  no  parking,  in  an  intermediate  area, 
/=1.4;   then  P=640X  1.4=895  v.p.h. 

For  the  east  approach,  since  there  is 
parking,  charts  5  and  6  are  applicable.  A 
value  of  Z=—  6  is  obtained  first  from  chart 
5C  with  D=20  feet  or  less  and  with  72+L= 
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INTERMEDIATE  AREA 

FIXED-TIME  SIGNAL 

C  =  60   SEC. 


EAST  APPROACH- MORNING  PEAK 

T=8%        L  =  1 8  % 

R  =  IO%         B  =  NO  BUS  STOP 


w. 


WEST   APPROACH- EVENING  PEAK 

T=6%  L  =  5% 

R=I5%  B=  NO   BUS  STOP 


G   (E-W    STREET)=30  SEC. 

AMBER  =  6  SEC. 

G/C=  30/60  =  0.50 


Figure  2. — Illustrative  problem   13. 


28%.  (Since  D  is  20  feet  or  less,  enter  chart 
5C  with  D  —  20  and  proceed  right  along  the 
upper  scale  to  R-\-L.)  Then,  in  chart  6, 
using  W/2=Z1  and  the  other  conditions 
shown  in  figure  2,  7^=525  v.p.h. 

In  table  2,  for  an  approach  width  of  31 
feet,  with  parking,  in  an  intermediate  area, 
/=1.35;    P=525X  1.35=710   v.p.h. 

If  parking  is  eliminated  on  the  east  ap- 
proach for  a  distance  of  170  feet  in  advance 
of  the  cross  walk,  chart  5C  is  used  with  D 
=170  feet,  G=30  seconds,  and  RJrL=28% ; 
Z=22.  Using  this  in  chart  6,  with  the 
other  conditions  as  before,  7^=680  v.p.h. 
and  P=680X  1.35=920  v.p.h. 

INTERSECTIONS  WITH  SEPARATE 

TURNING  LANES  AND  NO  SEPARATE 

SIGNAL  INDICATION 

Charts  7-9  cover  intersections  with  sep- 
arate turning  lanes  but  with  no  separate 
signal  indication.  Chart  7  is  used  where 
there  is  a  right-turn  lane,  chart  8  where 
there  is  a  left-turn  lane,  and  chart  9  where 
there  are  both   right-   and   left-turn  lanes. 

These  three  charts  incorporate  the  ad- 
justments enumerated  in  item  II  on  page 
89  of  the  Manual.  They  provide  graphic 
solutions  for  the  design  capacity  of  the 
separate  turning  lane  and  procedures  for 
determination  of  the  design  capacity  of 
one  approach.  Since  the  lengths  of  turn- 
ing lanes  are  essential  dimensions  in  the 
determination  of  capacity,  the  charts  in- 
clude means  for  determining  such  required 
lengths. 

With  Right-Turn  Lane 

Chart  7  gives  the  design  capacity  and 
required  length  of  the  separate  right-turn 
lane,  as  well  as  instructions  for  obtaining 
the  (total)  capacity  of  the  approach,  when 
traffic  in  all  lanes  on  the  approach  is  per- 
mitted to  move  simultaneously  on  a  com- 
mon green  indication.  The  following  addi- 
tional terms  are  introduced  in  chart  7. 

D2  Effective  length  of  right-turn  lane, 
in  feet,  for  the  storage  of  turning  vehicles, 
exclusive  of  cross  walk  and  taper. 

V2  Volume  of  traffic  turning  right  on 
one  approach,  in  vehicles  per  hour. 

T-     Trucks  and  busses  turning  right,  ex- 


pressed as  a  percentage  of  the  total  right- 
turn  volume  V2  on  one  approach. 

M2  Design  capacity  of  combined  through 
and  left-turn  movement,  exclusive  of  the 
movement  on  a  separate  right-turn  lane; 
for  use  in  chart  7  to  obtain  the  (total) 
capacity  of  the   approach. 

Ki  Design  capacity  of  the  added  lane 
for  right-turn  movement,  in  vehicles  per 
hour. 

The  capacity  of  a  right-turn  lane  is 
largely  dependent  on  the  proportion  of  truck 
traffic  T2  and  the  G/C  ratio  available  for 
movement  of  traffic  in  the  lane.  Charts 
7A  and  7B  show  design  capacity  in  terms 
of  these  factors.  Right-turn  lane  capacity 
is  also  dependent  on  the  radius  of  the  turn, 
the  amount  of  pedestrian  interference,  and 
the  length  of  lane  provided.  From  avail- 
able data,  distinction  has  been  made  for 
two  general  conditions  in  regard  to  radius 
and  pedestrians.  Chart  7A  represents  av- 
erage curb  return  (corner  radius  at  edge 
of  pavement)  and  pedestrian  interference, 
based  on  an  average  flow  of  600  vehicles 
per  hour  of  green.  For  better  conditions 
with  an  adequate  curb  return  and  little 
or  no  pedestrian  interference,  chart  7B  is 
constructed  on  the  basis  of  an  average  of 
800  vehicles  per  hour  of  green.  Design 
capacity  as  expressed  in  the  charts  is  90 
percent  of  these  average  values.  In  each 
case  the  intersection  diagrams  above  the 
charts  are  indicative  of  the  conditions  rep- 
resented. 

Another  control  in  capacity  of  an  added 
turning  lane  is  the  length  of  that  lane. 
If  not  long  enough  to  store  the  vehicles 
that  can  make  the  turn  on  the  proper  green 
interval,  the  capacity  otherwise  possible 
cannot  be  attained.  The  Manual  adjust- 
ments, in  item  II-3  on  page  89,  include 
a  volume  check  in  terms  of  Da,  the  length 
of  added  turning  lane.  Chart  7C  gives 
the  solution  for  this  length  of  added  lane 
required  to  accommodate  given  volumes  for 
different  signal  timings.  In  this  form  the 
length  can  be  determined  both  for  capacity 
volumes  and  for  known  smaller  turning 
volumes  for  a  specific  condition.  Since  con- 
trol values  are  in  terms  of  passenger  ve- 
hicles only,  the  adjustment  for  percentage 
of  trucks  and  busses  is  included. 


The  required  length  of  added  right-turn 
lane  is  determined  as  the  distance  needed 
to  store  the  average  number  of  turning  ve- 
hicles that  will  accumulate  per  cycle  during 
the  red  and  amber  signals,  recognizing  the 
maximum  that  actually  can  move  on  the 
green  signal.  A  length  of  25  feet  is  used 
for  each  passenger  vehicle,  and  40  feet  for 
each  truck  or  bus. 

The  sloping  lines  in  the  lower  part  of 
chart  7C  are  curved  to  terminate  at  the  left 
in  logical  minimum  design  values,  accord- 
ing to  the  proportion  of  trucks  and  busses 
in  the  total  traffic: 

feet 

None    50 

10-20  percent    65 

30  percent  or  more 80 

The  minimum  length  of  turning  lane  ap 
plies  to  the  full  width  of  turning  lane. 
This  full  length  is  not  available  for  use 
unless  preceded  by  a  taper  of  suitable 
length.  While  a  taper  length  of  70  to  100 
feet  may  be  considered  desirable  for  normal 
street  conditions,  a  taper  of  at  least  50 
feet  (about  5  feet  of  length  per  foot  of 
turning  lane  width)  should  be  provided. 
This  taper  is  in  addition  to  the  minimum 
length  of  turning  lane  shown  in  chart  7C. 

Included  on  chart  7  are  instructions  for 
determining  the  design  capacity  of  one 
approach  as  the  sum  of  separate  values 
for  the  capacity  of  the  through  and  left- 
turn  lanes  and  that  of  the  right-turn  lane. 
Since  the  through-lane  capacity  is  dependent 
upon  the  turning  movements  involved,  the 
capacity  for  the  whole  is  determined  for 
a  particular  condition  of  turning  move- 
ments. This  value  differs  from  a  capacity 
sum  of  left  plus  through  plus  right  in 
that  it  includes  adjustment  for  any  one 
of  the  three  parts  being  at  capacity  while 
the  other  two  are  below  capacity. 

Since  R  and  L  are  defined  as  percentages 
of  the  total  approach  volume,  a  simple  pro- 
portion calculation  is  needed  in  step  3 
of  the  instructions  to  find  a  right-turn 
volume  V2  on  the  arithmetic  basis  of  through 
plus  left.  When  V2  is  less  than  the  right- 
turn  lane  capacity  K2,  the  design  capacity 
is  the  sum  of  the  values  found  in  steps  1 
and  3.  If  V2  exceeds  Km,  it  is  necessary  to 
determine  an  adjusted  volume  for  the  com- 
bined through  and  left  movement  M\  based 
on  the  controlling  value  of  the  right-turn 
lane  capacity  as  indicated  in  step  5.  The 
formula  shown  is  derived  from  the  formula 
in  step  3,  with  K2  substituted  for  Vi.  The 
design  capacity  of  the  approach,  then,  is 
the  sum  of  the  adjusted  through-plus-left 
volume  and  the   right-turn  lane  capacity. 

The  steps  enumerated  in  chart  7  for 
design  capacity  of  one  approach  are  for 
the  condition  where  each  of  the  movements 
involved — left,  through,  and  right — does  not 
exceed  the  design  capacity.  Actually,  a 
perfect  balance  between  these  three  move- 
ments will  seldom,  if  ever,  exist.  It  is 
likly  that  one  or  both  of  the  turning  move- 
ments may  exceed  the  design  capacity  value 
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and  may  have  to  operate  at  or  near  possible 
capacity.  In  such  cases,  the  value  of  K* 
in  step  5  may  be  used  as  greater  than  design 
capacity,  up  to  a  maximum  of  the  possible 
capacity.  (This  also  applies  to  charts  8, 
9,  and  10.) 

With  Left-Turn  Lane 

Chart  8  gives  the  design  capacity  and 
the  length  of  the  separate  left-turn  lane, 
as  well  as  instructions  for  obtaining  the 
(total)  capacity  of  the  approach,  and  is 
similar  in  form  to  chart  7.  Additional 
terms  introduced  are  as  follows: 

D3  Effective  length  of  left-turn  lane, 
in  feet,  for  the  storage  of  turning  vehicles, 
exclusive  of  cross  walk  and  taper. 

V3  Volume  of  traffic  turning  left  on  one 
approach,  in  vehicles  per  hour. 

T3  Trucks  and  busses  turning  left,  ex- 
pressed as  a  percentage  of  the  total  left- 
turn  volume  Va,  on  one  approach. 

V0  Volume  of  through  traffic  on  the  op- 
posite approach,  in  vehicles  per  hour,  that 
is  in  direct  conflict,  during  the  same  period 
of  time,  with  the  left-turning  movement  on 
the    approach    in    question. 

To  Trucks  and  busses,  expressed  as  a 
percentage  of  the  total  through  volume 
Vo  on  the  opposite  approach. 

M3  Design  capacity  of  a  combined 
through  and  right-turn  movement,  exclusive 
of  the  movement  on  a  separate  left-turn 
lane;  for  use  in  chart  8  in  obtaining  the 
(total)    capacity  of  the  approach. 

Ks  Design  capacity  of  the  added  lane 
for  left-turn  movement,  in  vehicles  per  hour. 
The  capacity  of  a  left-turn  lane  is  de- 
termined primarily  by  the  volume  of  traffic 
opposing  the  left  turn  during  the  green 
signal  indication.  Normally,  on  major 
streets  in  downtown  areas  and  on  wide 
major  streets  in  intermediate  areas,  it 
seldom  will  be  possible  for  more  than  two 
vehicles  to  turn  left  per  cycle  (such  turns 
usually  have  to  be  made  on  the  amber 
signal).  Using  design  capacity  of  turning 
lanes  as  80  percent  of  possible  capacity, 
the  design  capacity  of  a  left-turn  lane  is, 
then,  1.6  vehicles  per  cycle.  Chart  8B  gives 
this  relation  in  terms  of  vehicles  per  hour 
as  dependent  upon  the  length  of  cycle. 

On    some    streets,    where    the     opposing 
through  volume  is  relatively  light,  the  ca- 
pacity  of   a    left-turn    lane   may   be   much 
greater    than    indicated    above.      For    such 
a  condition  the  average  capacity  of  a  left- 
turn  lane  per  hour  of  green  is  estimated  as 
the   difference  between   1,200    (item   II-3-b, 
p.  89  of  the  Manual)    and  V0,  both  figures 
expressed   in   terms   of  passenger   vehicles. 
Design  capacity  is  90  percent  of  this  differ- 
ence.       Chart  8A   provides   a   solution  for 
this   condition,  being  the   relation  between 
Vo,   G/C,   and   design   capacity  A3.    To  ex- 
press the  capacity  in  terms  of  vehicles  of 
all    types,    factors    for    the    percentage    of 
trucks  and  busses  in  the  opposing  through 
movement    To    and    that    in    the    left-turn 
movement   T3   are  applied.     To    determine 
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the  capacity  of  a  left-turn  lane,  A3  should 
be  found  on  both  charts  8A  and  8B,  and 
the  larger  of  the  two  values  used.  In  most 
cases  on  major  streets,  the  values  from 
chart   8B   will  govern. 

Because  of  the  interference  of  opposing 
through  traffic,  left-turning  vehicles  gen- 
erally are  delayed  for  longer  periods  of 
time  than  right-turning  vehicles.  The  re- 
quired green  time  per  vehicle  to  make  the 
turn  is  greater  and  the  left-turn  lane  ca- 
pacity is  less  than  that  for  a  right-turn 
lane.  Moreover,  when  drivers  not  in  the 
added  left-turn  .lane  await  an  opportunity 
to  turn,  those  going  right  generally  offer 
little  interference  to  through  traffic  but 
those  going  left  often  block  a  through  lane. 
Thus,  within  capacity  conditions,  a  longer 
added  lane  for  left  turns  is  needed  for  a 
given  volume  than  for  an  added  lane  for 
right  turns  of  the  same  volume.  Figure 
8C  shows  required  lengths  of  left-turn 
lanes  based  on  storage  space  for  1.5  times 
the  average  number  of  turning  vehicles 
that  will  accumulate  per  cycle.  This  is 
an  assumed  factor  (50  percent  increase 
over  right-turn  requirements) . 

With  Both  Right-  and  Left-Turn  Lanes 

Where  lanes  are  added  for  both  right 
and  left  turns,  the  determination  of  design 
capacity  of  an  approach  is  made  by  steps 
as  shown  in  chart  9.  Design  capacities  of 
the  added  lanes,  A2  and  A3,  are  determined 
from  charts  7  and  8  and,  depending  upon 
actual  turning  volumes  involved,  adjust- 
ments are  made  to  find  the  proper  through 
capacity  Mi.  Mi  is  the  design  capacity  of 
the  lanes  for  through  movement,  exclusive 
of  the  movements  on  separate  right-  and 
left-turn  lanes,  for  use  in  chart  9  to  obtain 
the  (total)  capacity  of  the  approach.  Step 
2  determines  the  through  capacity  from 
charts  2  or  3.  In  step  4  the  through  ca- 
pacity, thus  determined,  is  added  to  the 
turning  volumes  calculated  in  step  3.  Step 
5  adjusts  for  the  through  volume  when  one 
of  the  turning  volumes  exceeds  design 
capacity,  the  basis  being  the  same  as 
described  for  chart  7.  If  both  turning 
movements  exceed  design  capacity,  a  sep- 
arate step  5  solution  should  be  made  for 
each  and  the  smaller  of  the  two  values 
obtained  will  govern  the  design  capacity  of 
the  approach.  Step  6  derives  D3  and  D3 
from  charts  7  and  8. 

These  six  steps  are  for  the  determination 
of  design  capacity  of  one  approach  for  the 
condition  when  no  movement  exceeds  design 
capacity.  Sometimes  the  traffic  load  may 
be  such  that  the  through  movement  can  be 
accommodated  at  design  capacity  Mi  as 
determined  in  step  2,  but  the  proportional 
volumes  Vs  and  V.,,  as  found  in  step  3, 
exceed  the  design  capacities  A2  and  K3. 
In  such  a  case  it  would  be  necessary  to  per- 
mit the  turning  movements  to  operate  at 
above  design  capacity  but  not  to  exceed  the 
possible  capacity  of  each.  Thus,  the  capacity 
of  the  approach  may   be  equal  to  M1+V2 


DOWNTOWN     AREA 
TWO- PHASE    SIGNAL    CONTROL 
C  =  62  SEC. 


SOUTH 

APPROACH 

G  = 

36  SEC. 

T  = 

12  % 

R  = 

25% 

L  = 

5% 

B  = 

NO  BUS  STOP 

AVERAGE  CURB   RETURN  ANO 
PEDESTRIAN  INTERFERENCE 


Figure  3. — Illustrative   problem   14. 

(not  to  exceed  1.2  A2)+V3   (not  to  exceed 
1.2  A3) . 

Problems  14-17,  which  follow,  are  illus- 
trative of  the  uses  of  charts  7,  8,  and  9. 

Problem   14 

What  is  the  design  capacity  of  the  south 
approach  for  the  conditions  indicated  in 
figure  3?  What  should  be  the  length  of 
the    right-turn    lane? 

Solution :  The  percentage  that  the  right- 
turning  trucks  are  of  the  right-turn  volume 
is  not  given,  so  T2  is  assumed  to  be  the 
same  as  T,  or  12%.  Using  G/C=36/62= 
0.58  and  7,2=12%,  from  chart  7A  A2  = 
305   v.p.h. 

From  chart  2,  using  W/2=22,  T=12%, 
R=0%,  L=5%,  5=no  bus  stop,  and  G/C 
=0.58,  the  design  capacity  of  combined 
through  and  left- turn  movement  M2  (A  on 
chart  2)  =830  v.p.h.  (see  step  2  in  chart  7). 

On  this  basis,  (from  step  3,  chart  7)  the 
right-turn  volume  V3=  ( 830X25  )~H  100— 
25)  =275  v.p.h. 

Since  this  is  less  than  A2,  the  design 
capacity  of  the  south  approach  A=830  +  275 
=1,105  v.p.h.   (step  4  in  chart  7). 

The  length  of  right-turn  lane  required, 
D2  from  chart  7C,  using  V2=275  v.p.h.,  C 
=62  seconds,  and  r2=10  to  20%,  is  160  feet. 

Problem    1 5 

Determine  the  length  of  green  interval 
required  to  handle  the  traffic  at  design 
capacity  on  the  east  approach  of  the.  inter- 
section shown  in  figure  4. 

Solution:  Signal  timing  based  on  a  com- 
bined volume  of  through  and  right-turn 
movement  is  obtained  from  chart  3  using 
W/2=20,  T=  (15+40)^(175  +  505)  =8'/( ,  E 
=175^-930=19%,  L=0%  (since  left  turn 
is  on  separate  lane),  i?=no  bus  stop,  and 
approach  volume  =  175+505  =  680  v.p.h.; 
G/C=0.57. 

Then  check,  in  charts  8A  and  8B,  the 
capacity  of  the  left-turn  lane  with  this 
signal    timing.     Entering    chart    8A    with 
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INTERMEDIATE    AREA 

TWO-PHASE  SIGNAL  CONTROL 

C=  70  SEC. 


NO  PARKING     ON   E-W   ST 


EAST  APPROACH -EVENING   PtAK 


NO   BUS    STOPS 


THRU 


W 


■w--*- 


THRU     (EVENING  PEAK) 


P=265 

T=     15 

280 


TOTAL   APPROACH  VOLUME  = 
175  +  505+  250=  930  VPH 


P=  PASSENGER  VEHICLES   PER  HOUR 
T= TRUCKS    PER  HOUR 


Figure  4. — Illustrative  problems   15  and   16. 


Fo=280  v.p.h.  and  proceeding  to  right  and 
bottom  with  7,0=15-280=5%,  G/C=0.57, 
and  r3=5(H-250=20%  (see  arrows),  the 
design  capacity  of  the  left-turn  lane  is 
#3=280  v.p.h.  Chart  8A  governs  since  in 
this  case  the  value  of  82  from  chart  8B  is 
much  less.  Thus,  the  indicated  left-turning 
volume  of  250  v.p.h.  can  be  accommodated. 

Therefore,  for  the  east  approach  an  ade- 
quate green  interval  G=0.57X  70=40  sec- 
onds. 

The  required  length  of  the  left-turn  lane 
to  handle  a  volume  of  250  v.p.h.  is  obtained 
from  chart  8C.  Using  C=70  seconds  and 
T3=20%,  D3=205  feet. 

Problem   16 

If  in  problem  15  the  G/C  ratio  of  0.57 
is  retained  and  other  conditions  (fig.  4) 
remain  the  same  except  that  parking  is 
permitted  and  a  bus  stop  is  placed  on  the 
near  side,  what  will  be  the  design  capacity 
and  possible  capacity  of  the  east  approach? 

Solution:  The  capacity  of  the  combined 
through  and  right-turn  movement  is  ob- 
tained from  charts  5  and  6.  Using  chart 
5A  first,  with  tf+L=19+0=19%  (L  used 
as  0%  since  it  is  on  separate  lane),  Z=5 
is  obtained.  Chart  6  is  then  used  according 
to  instructions  in  step  2  of  chart  8.  With 
W/2=20,  T=8%,  #=19%,  L=0%,  Z-=b, 
and  G/C=0.57,  design  capacity  (exclusive 
of  left  turn)  M3  is  found  to  be  380  v.p.h. 

Left-turn  movement  L,  according  to  the 
traffic  distribution  shown  in  figure  4,  is 
250-930=27%.  The  left-turn  volume  Va  on 
the  basis  of  M,  is  (380X27)^(100—27)  = 
140  v.p.h.    (see  step  3  in  chart  8). 

Design  capacity  of  east  approach=380+ 
140=520  v.p.h.  With  no  parking  and  no 
bus  stop  (problem  15),  design  capacity  is 
the  sum  of  volumes  indicated  in  figure  4, 
or  175  +  505  +  250=930  v.p.h. 

In  table  2,  for  W/2=20,  with  parking, 
in  an  intermediate  area,  /=1.6.  Possible 
capacity  of  combined  through  and  right- 
turn  movement  =  Af,X1.6  =  380X1.6  =  610 
v.p.h.  Corresponding  left-turn  volume  (from 
the  formula  in  step  3,  chart  8)  =  (610X27) ■*■ 
(100—27)  =225  v.p.h.,  which  can  be  handled 
since  #3=280  v.p.h.  (as  determined  in 
problem  15). 


Possible  capacity  of  east  approach=610+ 
225=835  v.p.h. 

Problem   1 7 

What  is  the  design  capacity  of  the  east 
approach  shown  in  figure  5?  A  large  lum- 
ber mill  to  the  north  on  the  cross  road  ac- 
counts for  the  sizable  proportion  of  vehicles 
and  the  high  percentage  of  trucks  turning 
right. 

Solution:  From  chart  7B,  #2=280  v.p.h. 
Since  chart  8B  generally  governs  the  ca- 
pacity of  the  left  turn  on  major  multilane 
streets,  it  is  used  initially,  obtaining  #3=95 
v.p.h. 

According  to  step  2  in  chart  9,  chart  3  is 
used,  with  W/2=22,  T=6%,  R=0%,  L= 
0%,  fi=far-side  bus  stop,  and  G/C=30/60= 
0.50;  M,  is  610  v.p.h. 

On  this  basis,  V2=  (610X32)^(100— 32— 
8)  =325  v.p.h.,  and  V,=  (610X8)^(100- 
32— 8)  =80  v.p.h.  (see  step  3  in  chart  9). 
Thus  V2  is  larger  than  K2  and,  in  order  that 
no  movement  shall  exceed  the  design  ca- 
pacity, it  is  necessary  to  recalculate  Mi  as 
shown  in  step  5  of  chart  9:  M',=280  (100— 
32— 8) -^32=525  v.p.h.;  then  left-turn  vol- 
ume V't=  (525 X 8) -H100— 32— 8)  =70  v.p.h., 
which  can  be  handled  since  it  is  less  than 

Design  capacity  of  the  east  approach 
(when  no  individual  movement  exceeds  its 
design  capacity)  =525+280+70=875  v.p.h. 

Required   lengths   of  turning   lanes   are: 


from  chart  7C,  D2=165  feet;  from  chart 
8C,  Ds=70  feet. 

In  the  event  that  a  through  volume  of 
about  610  v.p.h.  (as  determined  initially) 
had  to  be  accommodated  and  other  condi- 
tions could  not  be  altered,  the  325  right- 
turning  vehicles  could  still  be  handled  but 
at  near  possible  capacity,  since  possible  ca- 
pacity of  the  right-turn  lane  would  be  1.2 
Kt,  or  1.2X280=335  v.p.h.  (see  note  in  chart 
9). 

The  capacity  of  the  east  approach,  with 
the  through  movement  operating  at  design 
capacity  and  the  right-turn  movement  at 
near  possible  capacity,  =M1+V2+V3=610  + 
325+80=1,015  v.p.h. 

INTERSECTIONS  WITH  SEPARATE 

TURNING  LANES  AND  SEPARATE 

SIGNAL  INDICATION 

Chart  10,  which  is  similar  to  charts  7, 
8,  and  9,  gives  the  design  capacity  and 
the  required  length  of  right-  or  left-turn 
lane,  when  traffic  on  this  lane  moves  on  a 
green  indication  separate  from  that  for 
other  traffic  on  the  approach;  i.  e.,  a  right- 
or  left-arrow  indication  for  the  turning 
movement. 

Additional  terms  introduced  in  chart  10 
are  as  follows: 

G'  Green  interval,  in  seconds,  of  sep- 
arate signal  indication  for  the  movement 
of  traffic  on  a  separate  turning  lane. 

a  Width  of  turning  lane,  in  feet,  for 
the  movement  of  traffic  on  a  separate  sig- 
nal indication. 

With  a  separate  signal  indication,  the 
right-  or  left-turn  movement  is  assumed  to 
be  free  from  interference  of  other  traffic 
streams  and  pedestrian  movements.  The 
average  capacity  of  the  turning  lane  is  800 
vehicles  per  hour  of  separate  green  indica- 
tion (item  III,  p.  89  of  the  Manual)  for  a 
lane  10  feet  wide,  and  varies  directly  with 
the  lane  width.  Design  capacity  is  90  per- 
cent of  this  value.  Chart  10A  gires  a  solu- 
tion for  this  capacity  in  terms  of  G'/C  and 
the  width  of  lane  a.  Since  the  control  val- 
ues are  in  terms  of  passenger  vehicles,  an 
adjustment  for  the  percentage  of  trucks  and 
busses  turning  (T2  or  Tz)  is  included.  The 
design  capacity  of  the  turning  lane  is  the 
same  whether  the  movement  is  to  the  right 

EAST  APPROACH -MORNING  PEAK 
T    (THRU    MOVEMENT)  =  6% 
R  =  32  %         T2  =  40  % 
L  =     8  %         T3  =    I  0  % 
G  =  30  SEC      B  =  FAR- SIDE  STOP 


W77777ZZZ} 


OUTLYING    AREA 

TWO -PHASE  SIGNAL  CONTROL 
C  =  60  SEC. 


Figure  5. — Illustrative  problem   17. 
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or  to  the  left  and  whether  the  lane  is 
within  the  normal  pavement  width  or  is 
an  added  lane. 

Chart  10B  provides  the  solution  for  the 
required   length   of  turning   lane,   identical 

with   chart   8C.      In   the   case    of   separate  .». 

signal  indication  there  is  no  opposing  traf-  ^Z~" 

fie,  as  in  chart  8C,  but  otherwise  the  con-     ^■•:y--:v.-: ■■■■■■■  ~ 
ditions   are  comparable.     Usually  the  sep-     ^^±-' ■■;':■: '■:y-±l 

arate    signal    phase   is    green    while    other     *" 

through    movements   are    stopped,    and   the  ** 

storage  lane  must  be  long  enough  to  pre- 
vent blocking  of  a  through  lane.  This  calls 
for  a  space  greater  than  that  needed  to 
store  the  average  number  of  vehicles  ar- 
riving per  cycle,  since  the  number  arriving 
on  some  cycle  intervals  will  be  in  excess 
of  the  average.  Accordingly,  a  length  to 
store  1.5  times  the  average  number  of  ve-  SPECIAL  CONDITIONS 

hides   per   cycle   is   used.      This   is   an   as-  ,_,  ,    irv  ,,  ,  .... 

v         j  o  Charts  1-10  cover  the  general  conditions 

sumed    factor     (50    percent    increase    over      found  at  four.way  intersections  under  traf. 

normal   requirements).  fic-signal    control.      In    addition    there    are 

The  procedure  for  determining  design  ca-  .  .           ,            .     .         „ 

p „                         ,    •     .i                      i.i  numerous  other  conditions,  the  majority  of 

pacity  of  one  approach  is  the  same  as  that  ^.^  ^  discusged  {n  the  Manual  ag  fur_ 

previously    explained   for   charts    7    and   8.      ther  adjustmentg      For  each  of  these 

For   clarity   in   the  terms   and   charts,   the        .  ,         -,.  .  ,       ,      ,  ,  . 

J  .  '  cial  conditions  the  chart  procedure  involves 

s  eP  -  *  y  a  series  of  steps  or  a  special  instruction  to 

and  left-turn  lanes  be  followed. 

Problems  18  and  19  demonstrate  the  use 

of  chart  10.  ■,**■,*,■.  n 

1 .      High  Volume  of  Stopping  Busses, 

With  No  Parking  on  Approach 


EAST     APPROACH 
T  (THROUGH  AND  RIGHT)  =  11% 


R=  12  % 
L  =  20  % 


T3  =    15  % 

B  =  FAR-SIDE  STOP 


CVJ 
CM 


NO  PARKING  -DOWNTOWN    AREA 
THREE-PHASE  SIGNAL  (SEPARATE   INDICATION 
FOR  LEFT  TURNS  ON  E-W  ST) 

C  =  80  SEC.  AMBER  =    3x3=9  SEC. 


Figure   6. — Illustrative  problem   19. 


Problem    18 

What  is  the  design  capacity  of  a  right- 
turn  lane,  11  feet  wide,  for  which  a  sep- 
arate green  indication  of  20  seconds  is  used 
out  of  a  90-second  cycle,  and  on  which 
trucks  and  busses  comprise  15  percent  of 
the  total  right-turning  traffic?  What  should 
be  its  length  if  a  volume  equivalent  to  de- 
sign capacity  is  to  be  accommodated? 

Solution:  From  chart  10 A,  using  G'/C= 
20/90=0.22,  o=ll,  and  r2=15%  (see  ar- 
rows) ;  .K«=165  v.p.h.  From  chart  10B, 
using  y2=165  v.p.h.,  C=90,  and  7\>=10  to 
20%;  ZX=175  feet. 

Problem    19 

What  should  be  the  green  interval  for 
each  phase  on  the  east  approach  of  the 
intersection  shown  in  figure  6  for  opera- 
tion at  design  capacity,  if  a  total  approach 
volume  of  650  v.p.h.  is  to  be  accommodated? 
What  will  be  the  green  interval  for  the 
movement  of  traffic  on  the  cross  street? 

Solution :  Volume  of  left-turning  traffic 
is  20  percent  of  650=130  v.p.h.  The  volume 
of  through  and  right-turn  movements  to 
be  accommodated  on  a  width  of  22  feet  is 
650—130=520  v.p.h.  The  proportion  of 
green  time  required  for  this  movement, 
from  chart  2,  with  W/2=22,  T=ll%,  R= 
12%,  L=0%,  B=far-side  stop,  and  K=520, 
is  G/C=0.40.     G=80X  0.40=32  seconds. 

The  proportion  of  green  time  required  for 
the  separate  phase  of  left-turn  lane  is  ob- 
tained from  chart  10A.  Using  a  volume  of 
130  v.p.h.,  7,3=15%,  and  a=12  feet,  obtain 
G7C=0.17.  Hence  G'=80X0.17=14  sec- 
onds. 

Green  time  available  for  movement  of 
traffic  on  the  cross  street  is  80—32—14—9 
(for   amber)  =25   seconds. 

PUBLIC  ROADS  •  Vol.  26,  No.  6 


Where  either  a  near-  or  far-side  bus  stop 
is  provided,  and  where  there  is  a  high  vol- 
ume of  stopping  busses,  i.  e.,  at  least  one 
bus  loading  or  unloading  at  all  times  (one 
or  two  stopping  to  load  and  unload  per 
cycle  in  one  direction  of  travel),  use  chart 
2  or  3  in  the  normal  manner,  except: 

(a)  Enter  chart  with  W/2  equal  to  actual 
approach  width  minus  12  feet. 

(6)  Use  T  as  a  percentage  of  trucks  only, 
exclusive  of  stopping  busses. 

(c)  Use  line  Bx  for  bus-stop  condition. 

(d)  To  the  design  capacity  obtained  from 
the  chart,  add  the  number  of  stopping  busses 
per  hour  in  one  direction  to  determine  total 
design  capacity. 

Problem   20 

If,  in  problem  4  (p.  108),  all  of  the  con- 
ditions remain  the  same  except  that  90 
busses  stop  during  the  peak  hour  on  the 
one  approach  and  the  percentage  of  trucks 
alone  is  5  percent,  what  will  be  the  design 
capacity? 

Solution :  Using  chart  2,  with  17/2=32— 
12=20,  T=5%,  bus-stop  condition  line  Bx, 
R=--l%,  L=15%,  and  G/C=0.45,  a  value 
of  510  v.p.h.  is  obtained.  Total  #=510+ 
90=600  v.p.h.  in  one  direction. 

2.      High  Volume  of  Stopping  Busses, 
With  Parking  on  Approach 

Where  either  a  near-side  or  far-side  bus 
stop  is  provided  and  where  there  is  a  high 
volume  of  stopping  busses  as  described  in 
item  1  above,  use  charts  4  or  6  in  the 
normal  manner,  except: 


(a)  Enter  chart  with  W/2  equal  to  actual 
approach  width  minus  6  feet. 

(b)  Use  T  as  percentage  of  trucks  ex- 
clusive of  stopping  busses. 

(c)  Use  line  By  for  bus-stop  condition. 
Do  not  use  chart  5. 

(d)  Obtain  result,  but  add  to  this  the 
number  of  stopping  busses  per  hour  in  one 
direction  to  determine  total  design  capacity. 

Problem  21 

If,  in  problem  9  (p.  109),  all  of  the  condi- 
tions remain  the  same  except  that  80  busses 
stop  during  the  peak  hour  on  the  one  ap- 
proach, and  the  percentage  of  trucks  alone 
is  4  percent,  what  will  be  the  design  ca- 
pacity? What  will  be  the  possible  capacity 
-of  this  approach? 

Solution:  Using  chart  4,  with  IF/2=42— 
6=36,  !T=4%,  bus-stop  condition  line  By, 
ff=15%,  L=7%,  and  G/C=0.52,  a  value  of 
700  v.p.h.  is  obtained.  Total  K=700+80= 
780  v.p.h.  in  one  direction. 

From  table  2,  /=1.2.  P=  (700X1.2)  + 
80=920  v.p.h.  in  one  direction. 

3.      Widened  Intersections,  with 
iVo  Parking 

Where  the  pavement  approach  is  widened 
in  advance  of  the  intersection  for  a  distance 
in  feet  equal  to  or  greater  than  five  times 
the  green  interval  in  seconds  (5G),  and  the 
same  pavement  widening  is  continued  be- 
yond the  intersection  for  a  distance  in  feet 
equal  to  5G  or  more:  Enter  chart  2  or  3 
with  W/2  equal  to  total  width  of  one  ap- 
proach including  the  widening  on  that  ap- 
proach; then  use  the  chart  in  normal  man- 
ner. 

Problem   22 

What  is  the  design  capacity  of  the  south 
approach,  widened  through  the  intersection, 
as  shown  in  figure  7? 

Solution:  Since  the  length  of  widening 
in  advance  of  and  beyond  the  intersection  is 
greater  than  5G  (5X28=140  feet),  the  full 
width  of  approach,  21  +  11=32  feet,  is  used 
to  determine  the  capacity. 

Using  chart  3,  for  the  conditions  given, 
design  capacity  of  south  approach=625 
v.p.h. 
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NO     PARKING 

INTERMEDIATE     AREA 

FIXED-TIME     SIGNAL 

C=60    SEC. 


w 


T=    18%      L  =  7% 

R  =  20%     G=28SEC. 

B=  FAR- SIDE   STOP 


Figure   7. — Illustrative  problem  22. 

4.      Elimination  of  Parking 
at  Intersections 

Where  parking  on  a  street  is  eliminated 
in  advance  of  the  intersection  for  a  distance 
in  feet  equal  to  or  greater  than  5G  and 
parking  is  also  eliminated  beyond  the  inter- 
section for  a  distance  equal  to  or  greater 
than  5G:    Use  chart  2  or  3,  instead  of  chart 

4,  5,  or  6,  as  if  there  were  no  parking  on 
the  street. 

Problem  23 

To  improve  operation  at  a  major  inter- 
section in  a  downtown  area  on  a  42-foot 
street  on  which  parking  is  permitted,  it 
was  decided  to  remove  the  bus  stops  and 
to  prohibit  parking  for  an  effective  distance 
in  advance  of  and  beyond  this  intersection. 
Other  conditions  on  one  approach  are  T= 
15%,  72=20%,  L=10%,  G=30  seconds,  and 
C=60  seconds.  Determine  design  capacity 
and  possible  capacity  of  one  approach. 

Solution:  To  be  fully  effective,  parking 
must  be  eliminated  on  each  side  of  the  in- 
tersection for  a  distance  of  at  least  5G  or 
150  feet. 

From  chart  2,  using  W/2=21  and  other 
conditions  as  listed,  #=570  v.p.h.  P=570X 
1.4    (from  table  2)  =800  v.p.h. 

5.  Check  for  Capacity  of  Left  Turn 

Any  intersection  approach  on  a  two-way 
street  that  does  not  involve  a  separate  left- 
turn  lane  should  be  checked  for  capacity 
of  the  left-turn  movement.  This  may  be 
done  in  the  same  manner  as  for  a  separate 
left-turn  lane,  since  the  number  of  left- 
turning  vehicles  that  can  be  accommodated 
with  two-phase  control,  whether  on  a  sep- 
arate lane  or  not,  is  governed  either  by  the 
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volume  of  traffic  opposing  the  left  turn  or 
by  the  length  of  cycle.  Charts  8A  and  8B 
should  be  used  for  such  a  check,  which 
should  be  made  for  every  intersection  in- 
volving two-way  streets.  If  the  volume  of 
left-turning  vehicles  exceeds  the  possible  ca- 
pacity as  determined  in  charts  8A  and  8B, 
serious  congestion  may  result  and  the  over- 
all capacity  of  the  approach  may  be  ma- 
terially reduced.  In  such  cases,  the  left- 
turn  movement  should  be  prohibited  or,  if 
feasible,  accommodated  on  a  separate  sig- 
nal indication. 

Problem   24 

Check  whether  the  left-turn  volume  in 
problem  6  (page  109)  can  be  handled  satis- 
factorily. 

Solution:  Left-turn  volume  is  5%  of 
1,200,  or  60  v.p.h.  For  the  conditions  given, 
it  is  found  in  chart  8B  that  82  v.p.h.  can 
be  accommodated  at  design  capacity;  there- 
fore, the  solution  in  example  6  is  satisfac- 
tory. 

6.      Special   Treatment  of  Turning 
Movements 

On  the  intersection  approach  of  a  two-way 
facility  where  the  right-turn  path  is  rea- 
sonably direct,  and  pedestrian  interference 
is  minor,  the  right-turn  movement  may  be 
considered  as  part  of  the  through  move- 
ment; in  which  case,  72=0%  would  be  used 
in  the  chart  solution. 

On  the  intersection  approach  of  a  one- 
way facility  where  the  turning  conditions 
are  as  described  above,  either  the  right-  or 
left-turn  movement,  or  both,  may  be  con- 
sidered as  part  of  the  through  movement. 
Such  conditions  are  likely  to  occur  at  high- 
type,  channelized  intersections. 

7.      Capacity  Controlled  by 
Intersection  Exit 

Generally  the  capacity  of  the  approaches 
controls  the  capacity  of  the  intersection. 
At  some  locations,  however,  where  all  pave- 
ments of  the  intersection  legs  are  not  of 
the  same  width  or  where  traffic  backs  up 
from  an  adjacent  intersection,  the  capacity 
of  the  intersection  may  be  dependent  upon 
the  exit  lanes.  The  capacity  of  the  exit 
pavement  may  be  estimated  as  follows: 

No  parking  on  exit. — Enter  chart  2  or  3 
with  W/2  equal  to  the  width  of  exit  pave- 
ment; proceed  through  chart  in  normal 
manner,  but  use  7=percentage  of  trucks  in 
through  movement  only,  72=0%,  L=0%, 
7?=no  bus  stop  (except  where  bus  stop  is 
on  the  far  side,  use  7?=far-side  stop) ,  and 
G/C  equivalent  to  that  used  on  the  approach. 

With  parking  on  exit. — Enter  chart  4  or 
6  with  W/2  equal  to  the  width  of  exit  pave- 
ment (including  the  parking  width) ;  pro* 
ceed  through  chart  in  normal  manner,  but 
use  7=percentage  of  trucks  in  through 
movement  only,  72=0%,  L=0%,  Z=0,  and 
G/C  equivalent  to  that  used  on  the  approach. 


8.      T  or  Y  Intersections 

The  capacity  of  the  approach  on  an  in- 
tercepted street  at  T  or  Y  intersection 
(east  approach  in  figure  8)  may  be  obtained 
from  charts  2-6,  as  follows:  Use  the  charts 
in  normal  manner  except  that  the  left-turn 
movement  is  considered  to  be  the  through 
movement,  since  it  is  equivalent  to  the 
through  movement  on  a  crossing  (the  only 
difference  being  the  curved  path),  which 
makes  L=0%.  If  parking  is  permitted  on 
the  intercepted  approach,  use  supplemental 
charts  5A  and  5C,  but  72+L  is  always  equal 
to  R  only,  because  L=0. 

Problem  25 

What  is  the  design  capacity  of  the  in- 
tercepted street  (east  approach),  from 
which  traffic  can  turn  only  right  and  left 
into  the  north-south  street,  for  the  condi- 
tions indicated  in  figure  8? 

Solution:  In  chart  2,  using  W/2=20,  T= 
10%,  72=40%,  L=0%,  7J=no  bus  stop,  and 
G/C=0.40,  #=460  v.p.h.  is  obtained.  This 
is  the  combined  volume  turning  right  and 
left  into  the  north-south  street. 

9.      Multiple-Type  Intersections 

The  capacity  of  any  form  of  signalized 
intersection,  regardless  of  the  number  of 
approach  roads  and  extent  of  channeliza- 
tion, can  be  obtained  from  the  charts  by 
examining  each  approach  road  separately. 
The  design  of  complex  intersections,  par- 
ticularly those  requiring  multiphase  con- 
trol, may  necessitate  some  study  and  trial 
solutions  before  determining  the  final  plan. 
Multiple  intersections  often  present  several 
possibilities  in  the  pattern  of  operation  and 
in  the  number  and  arrangement  of  signal 
phases.  Such  alternate  arrangements  are 
apt  to  result  in  different  geometric  layouts, 
thus  affecting  the  size,  shape,  and  location 
of  islands,  widths  of  pavements,  size  of 
storage  areas,  and  over-all  space  require- 
ments for  the  intersection.  The  geometric 
layout  should  be  determined  jointly  with 
capacity    analyses.     Care    should    be   taken 


N 


NO      PARKING 

DOWNTOWN       AREA 

TWO -PHASE    SIGNAL   CONTROL 


EAST    APPROACH 

T  =   I  0  %        L  =  6  0  % 
R  =  40  7.       G/C  =  0.40 
B  =  NO     BUS    STOP 


Figure  8. — Illustrative  problem  25. 

February  1951  •  PUBLIC  ROADS 


R=l07o 


DOWNTOWN    AREA 
FIXED-TIME    SIGNAL 
(VOLUMES  SHOWN  ARE   FOR  EVENING   PEAK  HOUR) 


© 
40 


cm  in 
—  10 


ac  -i 
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to  check  the  length  and  width  of  those  traf- 
fic channels  where  vehicles  will  store  dur- 
ing certain  signal  phases  to  preclude  the 
condition  of  traffic  backing  up  from  one 
intersection  point  to  another.  The  alter- 
nate solutions  will  show  differences  in 
capacity,  and  in  operational  and  economic 
advantages,  from  which  the  most  feasible 
plan  may  be  determined. 

Problem  26 

In  figure  9  is  shown  a  plan  of  a  multiple 
intersection,  selected  from  a  study  in  which 
several  layouts  were  examined.  The  prob- 
lem is  to  check  the  arrangement  for  opera- 
tion at  or  near  design  capacity  and  to  de- 
termine the  signal  timing,  using  a  60-sec- 
ond  cycle,  for  the  two-phase  control  indi- 
cated at  the  upper  right  of  figure  9.  There 
are  no  bus  stops,  and  T  is  assumed  to  be 
15  percent  on  all  movements. 

In  order  that  the  exit  lanes  (due  to  stored 
vehicles)  do  not  limit  the  capacity  of  ap- 
proaches, a  lagging  green  indication  in  sev- 
eral instances  is  considered  necessary,  as 
demonstrated  below. 

Movement  H  to  E — phase  1 

Approach  H:  From  chart  10A,  required 
G'/C=0.32,  and  G=60X  0.32=19  seconds. 
From  chart  10B,  required  length  of  left- 
turn  lane  is  180  feet. 


Approach  J:  To  prevent  an  excessive 
number  of  vehicles  from  storing  at  J  and 
thereby  limiting  the  capacity  of  this  move- 
ment at  H,  a  green  indication  at  intersec- 
tion 3  to  lag  behind  that  at  intersection  1 
is  introduced.  For  a  distance  of  140  feet 
from  H  to  J  and  an  assumed  speed  of  15 
m.p.h.  (20  feet  per  second),  the  green  lag= 
140/20=7  seconds.  This  will  preclude  the 
storage  of  but  a  few  vehicles  at  J.  Thus, 
for  approach  J,  G=19  +  7=25  seconds,  and 
G/C=0.42. 

Approach  K — phase  1 

Although  there  is  parking  about  70  feet 
in  back  of  the  stop  line,  it  is  not  likely  to 
have  any  effect  on  the  capacity  of  the  24- 
foot  pavement  at  intersection  1  due  to  the 
variable  v/idth  involved.  Moreover,  since 
all  traffic  turns  right  on  a  rather  direct 
path,  the  movement  is  considered  to  be  a 
through  movement  without  turns  (see 
Special  Condition,  item  6).  In  chart  2,  for 
W/2=24,  no  turns,  etc.,  and  G/C=0.32, 
(same  as  at  H),  design  capacity=520  v.p.h., 
which  is  more  than  adequate  for  the  load. 

Approach  G — phase  2 

Using  a  3-second  amber  period  with  each 
phase,  the  available  green  time  per  cycle  is 
60—19—6=35  seconds,  or  G/C=0.58.  From 
chart  2,  design  capacity=l,370  v.p.h.,  which 
is  adequate  since  the  load  is  1,280  v.p.h. 


Approach  B — phase  2 

During  phase  1,  approach  G  should  be  left 
clear,  or  nearly  so,  of  vehicles  from  B  to 
make  room  for  the  storage  of  movement  C 
to  G.  During  phase  2,  this  is  accomplished 
by  a  lagging  green  at  intersection  1  be- 
yond that  at  intersection  2.  For  an  as- 
sumed speed  of  about  20  m.p.h.  (30  feet  per 
second)  and  a  distance  of  200  feet,  the  lag 
is  7  seconds.  Thus  the  green  interval  for 
approach  B  is  35—7=28  seconds,  or  G/C= 
0.47. 

Through  and  right-turn  movement:  From 
chart  2,  design  capacity=l,100  v.p.h.  This 
is  satisfactory  since  the  load,  1,100+50= 
1,150  v.p.h.,  is  only  slightly  above  design 
capacity. 

Left-turn  movement:  From  chart  8B,  de- 
sign capacity  of  left-turn  lane  is  about  95 
v.p.h.;  left-turn  volume  is  30  v.p.h.  Re- 
quired length  of  left-turn  lane  for  this  vol- 
ume, from  chart  8C,  is  65  feet. 

Approach  A — phase  2 

From  chart  2,  for  a  width  of  36  feet  and 
G/C=0.47,  (same  as  at  B),  design  capac- 
ity=l,070  v.p.h.;  traffic  load=900  v.p.h. 

Approach  C — phase  1 

Available  green  time  per  cycle  is  60—28— 
6=26  seconds,  or  G/C=0.43.  It  is  first 
necessary  to  check  the  capacity  of  left  turn 
in  accordance  with  Special  Conditions,  item 
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5.  From  chart  8A,  using  V0=120  v.p.h., 
T0=15%,  G/C=0.43,  and  T3=15%,  capacity 
of  left  turn  is  found  to  be  280  v.p.h.,  com- 
pared to  a  volume  of  180  v.p.h.  The  capac- 
ity of  the  approach,  as  a  whole,  is  obtained 
from  chart  2.  Since  L+  (R/2)  is  greater 
than  35,  72=10%  and  L=30%  are  used  in 
the  solution  (see  single-asterisk  note  in 
chart  2) ;  and  for  the  20-foot  approach,  de- 
sign capacity =370  v.p.h.;  traffic  load =330 
v.p.h. 

Storage  space  occupied  by  movement  C  to 
G  on  approach  G  during  phase  1  may  be  ob- 
tained from  chart  10B.  For  a  volume  of 
180  v.p.h.,  the  length  required  for  storage, 
if  in  a  single  lane,  is  135  feet."  In  three 
lanes  the  length  occupied  would  be  about 
45  feet.  Available  length  on  approach  G  is 
approximately  100  feet. 

Approach  F — phase  1 

As  above,  G/C=0.43.  The  left-turn  vol- 
ume obviously  can  be  handled.  From  chart 
2,  for  an  approach  width  of  22  feet,  de- 
sign capacity  =  480  v.p.h.  Since  this  is 
much  in  excess  of  the  traffic  load,  the  green 
interval  on  this  approach  could  be  decreased 
to  give,  in  effect,  a  short  advance  green  to 
movement  C  to  G. 

Length  of  storage  on  the  two  lanes  of 
approach  F  for  a  volume  of  160  v.p.h.,  from 
chart  10B,  is  115-^2,  or  about  60  feet." 
Available  length  is  approximately  120  feet. 
This  leaves  sufficient  space  ahead  of  the 
stop  line  at  D  to  consider  the  exit  from  ap- 
proach D  unimpeded  in  regard  to  capacity. 


Separate  design  capacity  charts  for  one- 
way streets  could  have  been  developed  but 
because  of  the  definite  relation  between  the 
capacity  of  two-way  and  one-way  streets, 
this  was  considered  unnecessary.  Instead, 
a  procedure  is  given  for  evaluation  of  in- 
tersection capacities  of  one-way  streets  by 
use  of  the  charts  for  two-way  streets. 

DESIGN  CAPACITY  FACTORS 

The  basic  data  for  intersection  capacities 
of  one-way  streets,  expressed  in  terms  of 
average  maximum  volumes,  are  shown  in 
figure  10.7  This  chart  gives  the  same  type 
of  information  for  one-way  streets  as  figure 
1  for  two-way  streets.  Since  the  same 
average  conditions  are  represented  in  both, 
a  definite  relation  can  be  established  for  the 
four  upper  curves  of  figure  10  and  the  com- 
parable curves  of  figure  1.  Thus,  a  series 
of  factors  to  convert  the  maximum  volumes 
accommodated  by  one  approach  on  two-way 


0  Storage  space  from  chart  10B  is  based  on  1.5  times 
the  average  number  of  vehicles  storing  per  cycle. 
Actually  the  maximum  that  may  be  stored  can  be  as 
high  as  two  times  the  average  number  per  cycle. 
Thus,  where  feasible,  the  length  of  such  storage  area 
should  be  predicated  on  chart  12E.  In  this  problem, 
however,    the    space    is    adequate   on    either   basis. 

7  Figure  26,  p.  84  of  the  Manual. 


Approach  D — phase  2 

Movement  D  to  K  flows  freely  at  all 
times.  The  green  interval  for  left-turn 
movement  D  to  F  is  60—25—6=29  seconds 
(25  seconds  is  the  green  interval  on  ap- 
proach J,  previously  determined),  and 
G'/C=0.48.  From  chart  10A,  design  capac- 
ity of  movement  D  to  F  is  about  350  v.p.h. 
Since  this  is  much  in  excess  of  the  volume, 
the  lagging  green  on  approach  J,  phase  1, 
could  be  increased.  Required  length  of 
left-turn  lane,  from  chart  10B,  is  120  feet. 

Exit  E — phase  1 

Since  exit  E  receives  traffic  from  J  and 
C  simultaneously,  the  capacity  of  this  com- 
bined movement  should  be  checked  as  con- 
trolled by  the  exit  (see  Special  Conditions, 
item  7).  Total  volume  during  phase  1  is 
260+110=370  v.p.h.  From  chart  2,  using 
W2=22,  no  turns,  etc.,  and  G/C=0.42,  de- 
sign capacity  of  exit=620  v.p.h. 

According  to  the  above  analysis,  the  in- 
tersection design  is  found  to  be  satisfactory 
for  operation  during  the  evening  peak  hour. 
A  similar  capacity  check  should  be  made 
for  the  morning  peak  hour,  which  may  show 
a  different  signal  timing  or  a  need  for 
some  modification  in  the  geometric  layout. 
Length  of  turning  lanes  and  other  storage 
areas  would  be  based  on  the  larger  of  the 
two  values  determined  for  the  morning  and 
evening  peaks. 

JO.      Interpolation  in  Charts 

Where  the  intersection  is  in  an  area  hav- 
ing characteristics  between  those  of  a  down- 

Part  II— One-Way  Streets 

streets  to  the  maximum  volumes  on  one-way 
streets  can  be  obtained  by  making  a  ratio, 
for  comparable  conditions,  of  the  volumes 
in  figure  10  to  the  volumes  in  figure  1.  For 
example,  in  figure  10,  for  an  approach  (one- 
way street)  width  of  34  feet,  in  an  inter- 
mediate area,  with  no  parking,  a  volume  of 
2,500  vehicles  per  hour  of  green  is  given; 
in  figure  1  for  the  same  approach  width 
(68-foot  two-way  street)  under  the  same 
conditions,  a  volume  of  2,000  vehicles  per 
hour  of  green  is  given.  The  conversion  fac- 
tor thus  is   2,500/2,000=1.25. 

Table  3  shows  these  conversion  factors, 
t,  for  the  range  of  approach  widths  up  to 
50  feet.  It  is  to  be  emphasized  that  the 
parking  on  a  one-way  street  represents 
parking  on  one  side  only.  This  condition 
is  comparable  to  one  approach  of  a  two- 
way  street,  and  so  permits  use  of  the  two- 
way  capacity  charts.  To  find  the  design 
capacity  of  an  approach  on  the  one-way 
street,  use  charts  1-6,  with  W/2  equal  to  the 
whole  width  of  the  one-way  street;  then 
multiply  the  given  K  by  appropriate  i  in 
table  3.  Design  capacities  and  required 
lengths  of  separate  turning  lanes  on  one- 
way streets  are  the  same  as  those  on  two- 
way  streets,  for  which  charts  7-10  are  used. 


town  and  an  intermediate  area,  interpola- 
tion is  made  between  the  capacity  values  of 
charts  2  and  3,  or  charts  4  and  6. 

Where  the  characteristics  of  the  inter- 
secting facility  are  between  those  of  a  street 
and  an  expressway,  capacity  values  can  be 
interpolated  between  those  of  charts  for 
streets  and  those  for  expressways. 

11.      Use  of  City  or  Local  Factor 

In  localities  where  driver  characteristics, 
or  other  conditions,  are  believed  to  be  dif- 
ferent from  those  represented  by  the  basic 
data  in  the  Manual,  a  further  adjustment 
to  the  Manual  or  chart  values  may  be  ap- 
plicable. This  adjustment  can  be  expressed 
as  a  "city  factor,"  established  by  relating 
actual  hourly  volumes  measured  at  existing 
intersections  loaded  to  their  possible  capac- 
ity (continual  backlog  of  waiting  vehicles 
on  the  approach  during  one  hour) ,  to  the 
possible  capacity,  for  comparable  condi- 
tions, obtained  from  the  Manual  (1.10  times 
the  value  given  in  figure  24  therein  and  ad- 
justed as  necessary  for  specific  conditions). 
Such  field  measurements  should  include  a 
sufficient  number  and  type  of  intersections 
to  be  representative  for  the  city  or  local- 
ity as  a  whole.  The  ratio  of  measured  pos- 
sible capacities  to  those  calculated  by  the 
Manual  methods  gives  the  "city  factor." 
The  numerical  value  of  this  factor  may  be 
a  constant  for  all  intersection  approach 
conditions,  or  it  may  vary  with  the  type  of 
area  and  parking  regulation. 


When  parking  exists  on  both  sides  of  a 
one-way  street  the  operating  conditions  are 
not  similar  and  the  two-way  values  and  ad- 
justments cannot  be  used.  In  such  cases 
reference  should  be  made  to  item  IV  on 
page  90  of  the  Manual  for  adjustments  to 
the  values  in  figure  10.  It  will  be  noted 
that  the  values  in  figure  10,  for  a  given 
width  of  street,  show  one-way  street  capac- 
ity with  parking  on  both  sides  to  be  about 
70-75  percent  of  that  with  parking  on  one 
side  in  downtown  areas,  and  about  80-85 
percent  in  intermediate  areas. 

RELATION  OF  DESIGN  CAPACITY 
TO  POSSIBLE  CAPACITY 

The  relation  between  design  and  possible 
capacities  developed  for  two-way  streets 
also  is  applicable  to  one-way  streets.  The 
factors  /  from  table  2  apply  directly  when 
used  with  W/2  as  the  whole  width  of  a  one- 
way street.  Factors  for  the  condition  "with 
parking"  are  applicable  to  parking  on  one 
side  only  of  one-way  streets.  The  pro- 
cedure to  obtain  possible  capacity  of  a  one- 
way street  is:  (1)  determine  design  capac- 
ity for  an  equivalent  approach  from  charts 
1-6;  (2)  multiply  by  factor  i  in  table  3;  and 
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Figure   10. — Average   maximum   volumes   at  intersections   on   one-way   streets,   for   different   widths   and    by    type   of 

area  and  parking  regulation. 


(3)  multiply  by  factor  /  in  table  2.  Possi- 
ble capacities  of  separate  turning  lanes  on 
one-way  streets  are  the  same  as  those  on 
two-way  streets;  i.  e.,  1.2K2  or  1.2K3. 

PROCEDURE 

The  following  procedures,  employing 
charts  1-10  and  tables  2  and  3,  are  used  to 
determine  the  capacity  of  one-way  streets. 
For  ready  reference,  each  major  condition 
is  treated  separately. 

A. — Average  Conditions 

Proceed  through  chart  1  in  the  normal 
manner,  with  W/2  equal  to  the  width  of 
one-way  strset,  and  obtain  a  capacity  value. 
Multiply  this  by  factor  i,  table  3,  to  obtain 
design  capacity  of  one-way  street.  If  the 
chart  is  entered  on  the  right  with  a  given 
volume,  in  order  to  obtain  either  a  value 
of  G/C  or  17/2,  divide  this  volume  by  fac- 
tor i  before  entering  the  chart. 

Problem  27 

An  intersection  on  a  one-way  street,  30 
feet  wide  between  curbs,  with  parking  on 
one    side,   located   in   a   downtown   area,  is 


assumed  to  be  operating  under  average  con- 
ditions. What  is  the  design  capacity  if  the 
signal  is  so  timed  that  G/C=0.60?  What 
will  be  the  possible  capacity? 

Solution:  In  chart  1,  using  WV2  =  30, 
curve  III,  and  G/C=0.60,  read  =  600  v.p.h. 
From  tables  3  and  2,  2=1.25  and  /=1.40. 

if =600X1.25  =  750  v.p.h. 

P=750X  1.40=1,050  v.p.h. 


Problem  28 

If,  in  problem  27,  the  approach  volume 
to  be  accommodated  is  only  625  v.p.h.,  to 
what  may  the  ratio  of  G/C  be  reduced? 

Solution:  Enter  chart  1  with  W/2=30, 
proceed  to  curve  III,  and  project  a  line 
downward.  Then  enter  the  chart  with  a 
volume  of  625^-1.25=500  v.p.h.,  proceed  to 
the  left  and  intersect  the  vertical  line 
previously  projected;  read  G/C=0.50. 


Table   3. — Factor  i   to  convert   capacity   value    (charts   1—6)    on   one   approach 
on  a  two-way  street  to  that  on  a  one-way  street1 


W/2  —  Approach  width  2 

No  parking 

Parking  on  one  side 

Downtown 

Intermediate 

Downtown 

Intermediate 

Feet 
20 .                

0.88 
.94 
.98 
1.02 
1.05 
1.08 
1.11 
1.13 
1.15 
1.17 
1.19 
1.21 
1.23 
1.25 
1.26 
1.27 

0.94 
1.00 
1.04 
1.09 
1.13 
1.18 
1.22 
1.25 
1.29 
1.32 
1.35 
1.38 
1.41 
1.44 
1.47 
1.48 

i!l9 
1.22 
1.25 
1.29 
1.31 
1.34 
1.37 
1.40 
1.42 
1.44 
1.46 
1.47 
1.48 

1.09 
1.13 
1.17 
1.21 
1.24 
1.2*> 
1.28 
1.30 
1.32 
1.33 
1.35 
1.36 
1.38 

22 .                             

24 .             

26 .                 

28 .                         

30 .                     

32 

34 .             

36 .                 

38                  

40    

42                       

44 

46 

48 

50                       

1  For  the  same  width  of  approach,  type  of  area,  and  parking  regulation. 

>  For  one-way  streets,  the  total  curb-to-curb  width,  exclusive  of  separate  turning  lanes;  for  two-way  streets,  one-half 
(normally)  of  the  curb-to-curb  width. 
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B. — !\o  Parking,  in  Downtown  or 
Intermediate  Area 

Enter  chart  2  or  3  with  W/2  equal  to  the 
width  of  the  one-way  street.  Proceed 
through  the  chart  in  normal  manner,  but 
instead  of  actual  L  use  (L/2)+5.  Multiply 
the  result  by  factor  i  from  table  3  to  obtain 
design  capacity  of  the  one-way  street.  The 
single-asterisk  note  in  charts  2  and  3  does 
not  apply  to  one-way  streets. 

Problem  29 

A  40-foot  street  in  a  downtown  area  is 
converted  to  one-way  operation  with  no 
parking.  Other  conditions  are  T=18%, 
72=12%,  L=20%,  £=no  bus  stop,  and 
35%  of  the  cycle  time  must  be  devoted  to 
the  cross  street.  What  is  the  design  capac- 
ity of  the  one-way  street  if  two-phase  sig- 
nal control  is  used  with  C=60  seconds  and 
each  amber=3  seconds?  What  will  be  the 
possible  capacity? 

Solution:  Green  time  that  must  be  al- 
lotted to  the  cross  street  is  35%  of  60=21 
seconds.  Green  time  available  for  the  one- 
way street  is  60— 21—  (2X3)  =33  seconds, 
and  G/C=33/60=0.55. 

Using  chart  2,  with  W/2  =  40,  T=18%, 
72=12%,  L=  (20/2)  +5=15%,  B=no  bus 
stop,  and  G/C=0.55,  obtain  a  capacity  value 
of  1,100  v.p.h.  From  tables  3  and  2,  £=1.19 
and  /=1.40. 

7£"=1,100X  1.19=1,300  v.p.h. 

P=1,300X  1.40=1,820  v.p.h. 

C. — With  Parking  on  One  Side,  in 
Downtown  or  Intermediate  Area 

Enter  chart  4  or  6  with  W/2  equal  to  the 
width  of  the  one-way  street.  Proceed 
through  the  chart  in  normal  manner,  ex- 
cept instead  of  actual  L  use  (L/2)  +5.  Use 
supplemental  chart  5  in  normal  manner,  as 
for  two-way  streets.  Multiply  the  result 
from  chart  4  or  6  by  factor  i  from  table  3 
to  obtain  capacity  of  the  one-way  street. 
The  single-asterisk  note  on  charts  4  and  6 
does  not  apply. 

Problem    30 

If,  in  problem  29,  all  of  the  conditions  re- 
main the  same  except  that  parking  is  per- 
mitted on  one  side  and  75=20  feet,  what 
will  be  the  design  capacity? 

Solution:  First  use  chart  5C,  with  72+L= 
12+20  =  32%,  and  D=20,  obtaining  Z=—6. 
Then,  from  chart  4,  a  capacity  value  of  640 
v.p.h.   is   found.     In  table   3,  t  =  1.40  for  a 


40-foot  approach  with  parking  on  one  side. 
7^=640  X  1.40=900  v.p.h. 

D. — With  Separate  Turning  Lanes, 
No  Separate  Signal  Indication 

With  right-turn  lane:  Follow  the  instruc- 
tions given  on  chart  7,  except  in  obtaining 
the  capacity  of  the  combined  through  and 
left-turn  movement  M2  use  (L/2)  +5  instead 
of  actual  L  in  chart  2  or  3;  multiply  this  by 
factor  i  from  table  3. 

With  left-turn  lane:  Use  chart  7,  since 
chart  8  is  not  applicable  to  one-way  streets. 
In  obtaining  the  capacity  of  the  combined 
through  and  right-turn  movement,  use 
L=5%  (instead  of  0%)  in  chart  2,  3,  4,  or 
6;  multiply  this  by  factor  i  from  table  3. 

With  both  right-  and  left-turn  lanes: 
Follow  the  instructions  on  chart  9,  except 
in  obtaining  the  capacity  of  the  through 
movement  A7,  use  L=5%  (instead  of  0%) 
in  the  solution  on  charts  2  and  3;  multiply 
this  by  factor  i  from  table  3. 

Problem   31 

If,  in  problem  29,  all  of  the  conditions 
remain  the  same,  except  that  the  approach 
is  widened  by  addition  of  a  left-turn  lane 
with  an  adequate  curb  return  (and  there 
is  little  if  any  pedestrian  interference), 
what  will   be   the   design   capacity? 

Solution:  The  design  capacity  of  the  left- 
turn  lane,  from  chart  7B,  using  G/C=0.55 
and  T3=18%  (assuming  the  percentage  of 
trucks  is  the  same  for  all  movements),  is 
360  v.p.h. 

A  capacity  value  for  the  combined 
through  and  right-turn  movement,  from 
chart  2,  using  W/2=40,  T=18%,  72=12%, 
L=5%,  7?=no  bus  stop,  and  G/C=0.55,  is 
1,220  v.p.h.  From  table  3,  £=1.19.  The 
design  capacity  of  the  through  plus  right- 
turn  lanes=l,220X  1.19=1,450  v.p.h. 

From  step  3,  chart  7,  left-turn  volume= 
(1,450X20) -^(100— 20)  =360  v.p.h.,  which 
is  the  same  as  the  design  capacity  found 
above.  Design  capacity  of  approach  = 
1,450+360  =  1,810  v.p.h.  The  length  of  left- 
turn  lane  required,  from  chart  7C,  is  ap- 
proximately 200  feet. 

E. — With  Separate  Turning  Lanes 
and  Separate  Signal  Indication 

With  right-turn  lane:  Follow  the  instruc- 
tions on  chart  10,  except  for  step  2  in  the 
series  on  the  right  side  of  the  figure  sub- 
stitute the  following:  Obtain  design  capac- 
ity of  the  combined  through  and  left-turn 
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movement  M2  in  the  usual  manner  from 
charts  2-6.  Use  W/2  as  the  normal  width 
of  approach,  exclusive  of  turning  lane; 
(L/2) +5  instead  of  actual  L;  and  72=0%. 
Multiply  the  result  obtained  by  factor  i 
from  table  3. 

With  left-turn  lane:  Follow  the  instruc- 
tions on  chart  10,  except  for  step  2  in  the 
series  on  the  left  side  of  the  figure  substi- 
tute the  following:  Obtain  design  capacity 
of  the  combined  through  and  right-turn 
movement  Mz  in  the  usual  manner  from 
charts  2-6.  Use  W/2  as  the  normal  width 
of  approach,  exclusive  of  turning  lane,  and 
L=5'/o.  Multiply  the  result  by  factor  i 
from  table  3. 

F. — Special  Conditions 

The  items  listed  under  the  heading  Spe- 
cial Conditions  for  two-way  streets  (page 
113)  also  apply  to  one-way  streets,  except 
that  the  charts  are  to  be  used  as  described 
above  in  sections  B-E. 

Problem  32 

What  is  the  design  capacity,  in  problem 
29,  if  all  of  the  conditions  remain  the  same 
except  that  a  bus  stop  is  provided  at  the 
intersection  on  the  one-way  street  with  ap- 
proximately 90  busses  stopping  per  hour, 
and  T,  exclusive  of  stopping  busses,  is  5%? 
What  is  the  possible  capacity? 

Solution:  According  to  item  1,  page  113, 
WV2=40-12=28  feet.  Using  this  in  chart 
2,  with  T=5%,  72=12%,  L=(20/2)+5  = 
15%,  bus-stop  condition  line  Bx,  and  G/C= 
0.55,  a  capacity  value  of  890  is  obtained. 
From  tables  3  and  2,  £=1.19  and  /=1.40. 

Design  capacity=  (890X1.19) +90  busses 
=  1,150    v.p.h. 

Possible  capacity=  (1,060X1.40)  +90 
busses=l,570  v.p.h. 

Problem  33 

What  is  the  design  capacity  in  problem 
25,  page  114,  if  all  of  the  conditions  remain 
the  same,  except  that  the  40-foot  inter- 
cepted street  is  converted  to  a  one-way 
street  for  travel  in  the  westerly  direction? 

Solution:  According  to  item  8,  page  114, 
the  left-turn  movement  is  considered  to 
be  equivalent  to  the  through  movement,  so 
that  in  the  solutions  L=  (0/2) +5=5%  (see 
section  B  above) .  Using  chart  2  with 
W/2  =  40,  T  =  10%,  72  =  30%  or  more,  L= 
5%,  7?=no  bus  stop,  and  G/C=0.40,  a 
capacity  value  of  880  is  obtained.  From 
table  3,  £=1.19.  Design  capacity  of  the 
one-way  east  approach=880X  1.19  =  1,050 
v.p.h. 


FEATURES  OF  EXPRESSWAYS 

An  expressway  is  defined  as  a  divided 
arterial  highway  for  through  traffic  with 
full  or  partial  control  of  access  and  gen- 
erally with  grade  separations  at  intersec- 
tions.8    The   salient   geometric   features   of 


an  expressway  are:  a  divided  highway  de- 
signed to  high  standards,  insulated  for  the 
most  part  from  the  adjacent  development; 
shoulder  space  for  emergency  use  (no  park- 
ing   adjacent    to    the    traveled    way) ;    bus 


8  Definition    adopted    by    the    American    Association 
of   State    Highway    Officials,    June   25.    1949. 


stops  (if  any)  on  separate  turnouts;  and 
properly  designed  and  controlled  intersec- 
tions. Where  partial  control  of  access  is 
used,  the  expressway  will  intersect  some 
streets  or  highways  at  grade.  These  in- 
tersections will  require  added  turning  lanes 
of   adequate   design,   pedestrian   cross-walk 
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controls,  and  in  some  instances  traffic  signal 
controls   for   all   traffic. 

On  expressways,  where  the  above  condi- 
tions are  satisfied,  intersection  capacities 
expressed  in  terms  of  vehicles  per  hour 
of  green  per  unit  of  width  will  be  higher 
than  on  ordinary  streets  or  highways,  and 
the  capacity  data  represented  on  charts 
1-10  are  not  applicable.  Charts  11,  12, 
and  13  are  design  capacity  adjustments 
for  specific  conditions  on  high-type  facili- 
ties, based  on  the  data  in  item  V  on  page 
90  of  the  Manual.  These  charts  are  ap- 
plicable to  both  rural  and  urban  conditions, 
and  to  divided  two-way  highways  or  to 
one-way  facilities.  Two  general  conditions 
govern  and  are  treated  separately:  charts 
11  and  12  are  applicable  where  separate 
turning  lanes  exist;  and  chart  13  where 
widened   approaches   are   used. 

EXPRESSWAYS  WITH  SEPARATE 
TURNING  LANES 

Charts  11  and  12  give  all  of  the  neces- 
sary information  for  evaluating  the  ex- 
pressway design  capacity  at  signalized 
intersections  having  separate  turning  lanes 
(the  type  of  layout  shown  in  the  upper 
right-hand  corner  of  chart  12).  Added 
turning  lanes  are  arranged  for  the  exclusive 
use  of  turning  vehicles,  and  other  traffic 
cannot  use  them  to  proceed  through  the 
intersection.  Added  lanes  designed  to  per- 
mit their  use  by  through  traffic  are  dis- 
cussed in  the  next  section,  concerning 
widened   intersections. 

Chart  11  gives  the  solution  for  the  design 
capacity  of  the  through  movement  Ki  on 
the  expressway  at  a  signalized  intersection. 
It  is  based  on  the  Manual  value  of  1,000 
passenger  vehicles  per  hour  of  green  per 
10  feet  of  lane  width.  With  adjustment 
for  the  percentage  of  trucks  and  busses 
and  for  the  G/C  value,  the  design  capacity 
can  be  read  directly  for  the  width  of  through 
lanes  ( IF/2  on  the  sketch  in  chart  12). 
This  capacity  value  must  be  used  jointly 
with  separately  determined  capacities  for 
right-  and  left-turn  movements  obtained 
from  chart  12.  The  procedure  is  the  same 
as  that  described  for  charts  9  and  10. 

Chart  12  gives  solutions  for  design  capaci- 
ties of  separate  turning  lanes,  in  which 
charts  A,  B,  and  C  are  for  controls  without 
a  separate  signal  indication  and  chart  D 
with  a  separate  signal  indication.  Since 
the  conditions  are  identical  with  those  in 
chart  8,  the  design  capacity  of  a  left-turn 
lane  is  obtained  from  chart  12A  or  12B, 
the  larger  value  governing.  Chart  12C  is 
of  the  same  form  as  that  of  chart  7B,  but 
is  based  on  a  control  value  of  1,000  vehicles 
per  hour  of  green  per  10  feet  of  width 
instead  of  800.  A  third  adjustment  is  in- 
cluded in  chart  12C  in  terms  of  three  degrees 
of  pedestrian  interference.  Chart  12D  is 
the  same  as  chart  10A  except  that  the  con- 
trol value  of  1,000  is  used  instead  of  800. 
The  length  of  right-  or  left-turn  lane, 
with  or  without  separate  signal  indication, 


Table  4. — Minimum  lengths  of  speed-change  lanes  and  taper  to  or  from  a  stop  position 


Highway  design  speed 

For  deceleration  lanes 

For  acceleration  lanes  ' 

Length 
exclusive 
of  taper 

Length  of 
taper 

Total 
length 

Length 
exclusive 
of  taper 

Length  of 
taper 

Total 
length 

Miles  per  hour 
30 

Feet 

15 

40 

90 

130 

Feet 
100 
125 
150 
175 

Feet 
115 
165 
240 
305 

Feet 

75 
280 
550 

Feet 
140 
175 
200 
250 

Feet 
140 
250 
480 
800 

40 

50 

60..  . 

Applies  only  to  conditions  with  widened  approaches  or  to  intersections  without  signal  control. 


is  given  in  chart  12E  and  predicated  on  the 
maximum  number  of  vehicles  that  can  be 
stored  per  cycle,  which  is  assumed  to  be 
twice  the  average  number.  Since  express- 
ways are  intended  for  rapid  vehicular 
movement  with  a  minimum  of  operational 
delay,  the  length  of  turning  lanes  should 
be  predicated  on  the  likely  approach  speeds 
of  traffic  during  the  green  signal  periods. 
For  this  purpose  the  turning  lanes  should 
be  sufficiently  long  to  permit  turning  ve- 
hicles to  decelerate  to  the  safe  speed  of 
the  turn,  with  allowance  for  drivers  to 
bring  their  vehicles  to  a  stop  if  necessary. 
Minimum  lengths  of  deceleration  lanes  to 
allow  for  such  operation  are  given  in  table 
4.  Comparative  values  are  obtained  from 
chart  12E  and  from  the  second  column  of 
table  4  and  the  larger  of  the  two  should 
be  used  in  design.  The  length  of  taper 
should  never  be  less  than  that  shown  in 
the  third  column  of  table  4. 

On  expressways,  bus  stops  in  the  vicinity 
of  cross  streets  should  be  located  off  the 
through  lanes  and  on  the  far  side  of 
the  intersection.  When  thus  positioned 
at  an  intersection  with  corner  islands,  as 
in  the  sketch  on  chart  12,  bus  stops  have 
little  if  any  effect  on  intersection  capacity. 
Thus,  charts  11  and  12  apply  to  inter- 
sections with  bus  stops  on  the  far  side 
as  well  as  to  those  with  no  bus  stops.  In 
the  event  that  a  near-side  bus  stop  is  pro- 
vided, the  capacity  should  be  reduced  ac- 
cording to  the  adjustment  in  item  V-3B 
on  page  91  of  the  Manual. 

Another  condition  adjustment  is  shown 
in  item  V-2A(2)  in  the  Manual,  for  right- 
turn  movements  as  affected  by  frontage- 
road  traffic.  When  a  frontage  road  is 
sufficiently  close  to  affect  a  right-turn  move- 


ment, the  capacity  condition  is  the  same 
as  that  of  a  left  turn  from  an  added  lane 
without  a  separate  signal  indication,  and 
values  from  charts  12A  and  12B  are  ap- 
plicable. 

Intersections  on  expressways  should  be 
designed  so  that  anticipated  volumes  will 
not  exceed  the  design  capacity.  For  cer- 
tain combinations  of  traffic  volumes  and 
distributions,  however,  it  may  not  be  prac- 
ticable to  accommodate  each  approach  move- 
ment at  design  capacity.  One  of  the 
turning  movements  may  have  to  operate 
above  design  capacity,  but  the  excess  should 
not  be  large.  The  relative  amount  can  be 
determined  by  calculating  possible  capacity. 

On  expressways,  possible  capacity  for 
any  movement  may  be  obtained  by  multiply- 
ing the  design  capacity  by  1.2. 

Problems  34-37  illustrate  the  use  of  charts 
11    and    12. 

Problem  34 

On  the  expressway  shown  in  figure  11, 
traffic  from  east  to  west  during  the  peak 
hour  is  approximately  60%  of  the  total 
two-way  traffic  on  the  expressway.  On 
the  east  approach,  what  is  the  design  ca- 
pacity of  the  through  lanes,  the  right-turn 
lane,  and  the  left-turn  lane,  when  trucks 
comprise  10%  of  each  movement,  C=65 
seconds,  and  G=39  seconds? 

Solution:  Design  capacity  of  the  through 
pavement,  K,,  using  chart  11  with  IF/2=25, 
T=10%,  and  G/C=39/65=0.60,  is  1,350 
v.p.h. 

Design  capacity  of  the  right-turn  lane 
K,,  using  chart  12C  with  G/C=0.60,  a= 
11,  r2=10%,  and  light  to  moderate  pedes- 
trian interference,  is  530  v.p.h. 


INTERMEDIATE      AREA 
TWO -PHASE    SIGNAL    CONTROL 


Figure   11. — Illustrative   problems   34-37. 
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Design  capacity  of  the  left-turn  lane  K3 
is  determined  by  the  larger  of  the  two 
values  from  charts  12A  and  12B.  The 
volume  opposing  the  left  turn  Vo,  as  used 
in  chart  12 A,  is  40%  of  the  total  peak-hour 
volume  on  the  expressway,  or  1,350X40/60 
=  900  v.p.h.  Using  this  in  chart  12A 
gives  a  zero  capacity.  Minimum  capacity 
in  chart  12B,  with  C=65  seconds,  is  88. 
Thus,  the  value  in  chart  12B  governs  and 
Ks=90   v.p.h.    (using   a   rounded  figure). 

Problem  35 

Determine  the  minimum  signal  timing 
and  lengths  of  turning  lanes  of  the  east 
approach  of  the  intersection  shown  in  fig- 
ure 11  if  the  design  speed  is  50  m.p.h.  and 
the  design  volumes  during  the  evening  peak 
hour  are  as  follows:  through  movement, 
1,120  v.p.h.  of  which  5%  are  trucks;  right- 
turn  movement,  280  v.p.h.  of  which  30% 
are  trucks;  and  left-turn  movement,  90 
v.p.h.  of  which  2%   are  trucks. 

Solution :  The  proportion  of  green  time, 
G/C,  needed  for  the  through  movement  is 
obtained  from  chart  11:  Using  1^/2=25, 
T=5%,  and  an  approach  through  volume 
of   1,120   v.p.h.,   the   required   G/C=0.47. 

For  the  right-turn  movement  chart  12C 
is  used.  Entering  the  chart  at  the  bottom 
with  a  volume  of  280  v.p.h.,  and  using  light 
to  moderate  pedestrian  interference,  T2= 
30%,    and    a=ll,   the    required    G/C=0.38. 

It  is  apparent  from  the  approach  volumes 
indicated  and  from  the  distribution  of 
traffic  by  direction,  as  shown  in  problem  34, 
that  the  capacity  of  the  left-turn  lane  is 
not  governed  by  the  condition  in  chart  12A. 
Thus,  using  chart  12B,  it  is  found  that 
for  a  left-turn  volume  of  90  v.p.h.  a  cycle 
length  C  of  64  seconds  is  required. 

The  through  movement,  for  which  the 
required  G/C— 0.47,  governs  the  design  ca- 
pacity of  the  east  approach.  Assuming 
that  a  64-second  cycle  is  satisfactory,  G= 
64X0.47  =  30  seconds  and,  if  each  amber 
period  is  3  seconds,  the  signal  timing  will 
be  30  seconds  green  and  6  seconds  amber, 
leaving  28  seconds  red  (preen  on  the  cross 
street) . 

In  th=  event  that  a  longer  cycle  had  to 
be  used,  say  75  seconds,  the  design  capacity 
of  the  left-turn  lane  (chart  12B)  would  be 
77  v.p.h.  The  90  v.p.h.  could  still  be 
handled,  although  not  as  satisfactorily,  since 
possible  capacity  would  be  77X1.2=92  v.p.h. 

The  lengths  of  turning  lanes,  from  chart 
12E,  required  to  handle  the  volumes  indi- 
cated  are : 

Right-turn  lane:  Using  V2=280  v.p.h., 
C=64  seconds,  and  7/2=30% ;  D*=300  feet. 

Left-turn  lane:  Using  V3=90  v.p.h.,  C= 
64  seconds,  and   T3=2%;   D:i=80  feet. 

The  length  of  each  turning  lane  required 
for  speed  change,  from  table  4,  is  90  feet 
plus  a  taper  of  150  feet.  Thus,  the  right- 
turn  lane  should  be  300  feet  long  plus  a 
150-foot  taper,  and  the  left-turn  lane  90 
feet  long  plus  a  150-foot  taper. 

Problem   36 

If,  in  problem  35,  all  of  the  condi- 
tions remain  the  same,  except  that  a  one- 


way frontage  road  is  provided  (dash  lines 
in  figure  11),  what  will  be  the  design 
capacity  of  the  right-turn  lane  on  the  east 
approach  when  a  volume  of  250  v.p.h.  on 
the  frontage  road,  of  which  12%  are  trucks, 
receives  a  green  signal  at  the  same  time 
as  the  expressway  traffic? 

Solution :  In  this  case  it  is  necessary 
to  check  the  capacity  of  the  right-turn  lane 
as  affected  by  the  crossing  of  frontage-road 
traffic,  which  can  be  determined  from  charts 
12  A   and  12  B    (see  page  119,  cols.  2-3). 

Using  T/„=250  v.p.h.  in  chart  12A  as  the 
volume  conflicting  with  the  right-turning 
movement,  T„=12%,  G/C=0.47,  and  T3 
(which  in  this  case  is  the  percentage  of 
trucks  in  the  right-turn  movement)  =30%, 
the  design  capacity,  as  controlled  by  the 
frontage  road  traffic,  is  found  to  be  190 
v.p.h. 

This  indicates  that,  with  a  frontage  road, 
a  right-turn  volume  of  280  v.p.h.  cannot  be 
accommodated,  and  three-phase  control  is 
needed  at  the  intersection  of  the  frontage 
road   and   the   cross   street. 

Problem   37 

If,  in  problem  35,  all  of  the  conditions 
remain  the  same,  except  that  the  left-turn 
volume  on  the  east  approach  is  140  v.p.h., 
what  will  be  the  signal  timing  if  the  left 
turn  is  to  be  accommodated  on  a  separate 
signal  indication?  The  28-second  green  in- 
terval on  the  cross  street  is  to  be  retained 
to  give  pedestrians  sufficient  time  to  cross 
the  street.  Left-turn  movement  on  the 
west  approach  also  will  move  on  this  phase. 

Solution :  In  problem  35  it  is  shown  that 
a  value  of  G/C=0.47  is  required  for  the 
through  movement,  during  which  the  right 
turn  will  also  be  accommodated.  The  sepa- 
rate phase  for  the  left  turn  will  require  an 
additional  G'/C=0.13,  as  determined  from 
chart  12D  with  a  volume  of  140  v.p.h.,  T3= 
2%,  and  a=ll  feet. 

To  retain  the  28-second  green  period  on 
the  cross  street,  the  length  of  cycle  must 
be:  C=0.47C+0.13C+28+(3X3)  amber= 
93    seconds. 

The  green  signal  times  are  thus:  For 
through  and  right-turn  movement  on  the 
expressway,  93X0.47=44  seconds;  for  left 
turns  on  the  expressway,  93X0.13  =  12  sec- 
onds; for  the  cross  street,  28  seconds. 
Each  of  the  three  phases  is  followed  by  a 
3-second   amber  period. 

It  may  be  noted  that,  while  the  28-second 
green  interval  has  been  retained  for  the 
cross  street,  the  proportion  of  green  time 
(G/C)  for  movement  of  traffic  on  this 
street,  because  of  lengthened  cycle,  has  been 
decreased;  thus,  the  capacity  of  the  cross 
street  is  less  than  that  in  problem  35. 

EXPRESSWAYS  WIDENED  THROUGH 
INTERSECTIONS 

On  expressways  where  the  cross  roads 
at  grade  are  widely  spaced  it  may  be 
necessary  to  widen  the  expressway  pave- 
ments at  the  intersections  to  prevent  their 
capacity    from    being    diminished    at    these 


points.  Such  treatment  is  illustrated  by 
a  sketch  in  the  upper  right-hand  corner 
of  chart  13,  and  from  this  chart  the  design 
capacity  can  be  determined  or  the  number 
of  lanes  required  to  handle  a  given  volume 
can    be    established. 

In  this  condition  the  added  lanes,  shown 
as  e2  and  c2  in  the  sketch,  are  carried  through 
the  intersection,  unobstructed  by  triangular 
islands.  When  the  expressway  is  operating 
at  relatively  low  volumes,  through  traffic 
will  proceed  through  the  intersection  on 
the  normal  width  of  pavement,  W/2,  ex- 
clusive of  widening.  During  such  times 
the  added  lanes  e2  and  e2  will  function  as 
speed-change  lanes  for  turning  vehicles. 
At  or  near  design  capacity,  however,  through 
traffic  will  be  stored  on  the  added  lanes  and 
proceed  through  the  intersection  when  the 
signal  changes.  Turning  vehicles  will  also 
use  these  lanes  at  the  same  time.  For  this 
reason  an  adjustment  in  capacity  must  be 
made.     This  is  accounted   for  in  chart  13. 

An  adjustment  for  bus  stops  is  not  in- 
cluded in  chart  13.  Since  this  type  of 
intersection  generally  is  used  to  maintain 
the  high  capacity  available  on  other  portions 
of  the  expressway  without  intersections  at 
grade,  bus  stops  should  be  excluded  from 
all  lanes  intended  for  regular  traffic  use. 
If  bus  stops  are  necessary  at  such  locations, 
they  should  be  provided  on  frontage  roads 
or  on  separate  turnouts. 

Chart  13  is  constructed  on  the  same  basis 
as  chart  11  (see  pp.  87  and  103  of  the 
Manual),  with  a  design  capacity  of  1,000 
vehicles  per  hour  of  green  per  10  feet  of 
width.  The  upper  left  and  lower  right 
portions  of  chart  13  are  identical  with 
chart  11.  The  added  adjustments  for  turn- 
ing movements  are  the  same  as  in  previous 
charts,  the  percentage  reduction  being  0.5R 
for  right  turns   and   1.0L  for  left  turns. 

For  this  capacity  condition  the  widened  ap- 
proach pavement  must  be  of  sufficient  length 
to  encourage  its  use  by  through  traffic, 
as  well  as  be  adequate  for  deceleration  and 
storage  of  turning  vehicles.  Controls  for 
the  required  lengths  are  given  in  the  notes 
below  the  sketch  in  the  upper  right  corner 
of  chart  13.  The  widened  length  in  feet 
in  advance  of  the  intersection,  shown  as 
Da,  should  be  at  least  five  times  the  green 
interval  in  seconds  (see  Manual,  p.  89) 
and  also  should  be  adequate  for  deceleration 
purposes,  as  indicated  in  the  second  column 
of  table  4.  In  addition  it  should  have  a 
proper  taper,  as  shown  in  table  4. 

For  the  maneuvering  of  traffic,  the  wid- 
ened pavement  Di,  beyond  the  intersection 
should  be  of  length  somewhat  longer  than  on 
the  approach  side,  for  which  a  factor  of  1.5 
is  assumed.  Further,  the  length  should  be 
checked  for  suitability  for  acceleration,  ac- 
cording to  the  fifth  column  of  table  4.  The 
sixth  column  of  table  4  gives  the  needed 
length  of  taper. 

Problem    38 

An  expressway  with  two  one-way  pave- 
ments, separated  by  a  median  about  150 
feet  wide,  intersects  a  cross  road  at  grade, 
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and  a  signal  must  be  installed.  If  the 
normal  width  of  each  expressway  pavement 
is  33  feet,  and  at  the  intersection  each 
pavement  is  widened  by  12  feet  on  the  left 
and  on  the  right  for  an  adequate  distance 
in  advance  of  and  beyond  the  intersection, 
what  is  the  design  capacity  of  one  approach, 
if  T=10%,  #  =  15%,  L=12%,  and  G/C= 
0.54? 

Solution :  The  total  width  of  approach 
is  W/2+ei+e3=S3+12+12=57  feet.  Using 
this  in  chart  13  with  the  conditions  given 
above,  K=2,260  v.p.h.  The  wide  median, 
in  effect,  separates  the  expressway  into 
two  one-way  facilities;  therefore,  it  is  not 
necessary  to  check  for  the  capacity  of  the 
left  turn. 

Problem  39 

An  urban  expressway  in  rolling  terrain, 
designed  for  a  speed  of  50  m.p.h.,  has  two 
12-foot  lanes  in  each  direction,  and  all  cross 
streets  are  separated  in  grade  except  at 
one  isolated  intersection.  The  volume  of 
traffic  on  the  cross  street  can  be  accom- 
modated by  a  two-phase  traffic  signal  with 
B0r/c    of  the   elapsed   time    allowed   for  the 


cross  street,  and  a  20-second  green  interval 
for  pedestrians. 

If  the  intersection  treatment  is  to  be  of 
the  type  shown  in  the  upper  right-hand 
corner  of  chart  13,  determine  the  minimum 
number  of  lanes  on  the  expressway,  at  the 
intersection,  that  will  enable  the  intersection 
approaches  to  accommodate  a  volume  of 
traffic  equal  to  the  capacity  of  the  two 
12-foot  lanes  where  flow  is  uninterrupted. 
On  the  critical  approach,  during  the  peak 
hour,   T=15%,  #=18%,  and  L=4%. 

Solution:  On  the  basis  that  30%  of  the 
cycle  is  required  for  the  cross  movement 
with  a  green  interval  of  20  seconds,  the 
shortest  cycle  that  can  be  used  is  20=0.30  = 
67  seconds.  Allowing  7  seconds  for  the 
amber  periods,  the  green  interval  available 
for  expressway  traffic  is  67—7—20=40 
seconds,  and  G/C= 40/67 =0.60. 

The  capacity  of  the  expressway  on  the 
portions  where  the  flow  is  uninterrupted, 
with  15%  trucks  in  rolling  terrain,  is  found 


9  1,500  X  0.70  =  1.050  v.p.h.  Practical  or  design 
capacity  of  urban  expressways  is  given  as  1,500 
vehicles  \iev  hour  per  lane  on  p.  47  of  the  Manual: 
0.70  is  a  factor  interpolated  in  table  9.  p.  56  of  the 
Manual,  for  the  effect  of  commercial  vehicles  on 
practical   capacity. 


to  be  1,050  v.p.h.  per  lane,"  or  a  one-way 
flow  on  the  facility  of  2,100  v.p.h.  The  total 
number  of  lanes  on  the  one  approach  to 
handle  this  volume  can  be  obtained  from 
chart  13.  Entering  the  chart  at  the  bot- 
tom with  a  volume  of  2,100  v.p.h.  and  using 
(7/(7=0.60,  L  =  4%,  #=18%,  and  7,=  15%, 
the  total  approach  width,  HV2+e2-|-e3,  is 
found  to  be  47  feet. 

Four  lanes  will  therefore  be  required 
on  the  one  approach  at  the  intersection, 
or  an  extra  lane  on  each  side  of  the  normal 
pavement,  to  accommodate  a  volume  equal 
to  the  uninterrupted  capacity  flow  of  the 
expressway. 

Since  the  expressway  is  a  two-way  facili- 
ty it  is  necessary  to  check  separately  in 
chart  12  for  capacity  of  the  left-turn  lane. 
Obviously  chart  12B  governs,  from  which 
it  is  found  for  (7=67  seconds  that  86  left- 
turning  vehicles  can  be  handled.  This  is 
satisfactory  since  4%  of  2,100  is  84  v.p.h. 

The  minimum  lengths  of  widened  pave- 
ment, from  the  notes  under  the  sketch 
on  chart  13,  should  be:  For  D„,  200  feet 
plus  150-foot  taper;  for  D>>,  300  feet  plus 
200-foot  taper. 


Part  IV— Over-All  Intersection  Capacity 


above  and  below  the  zero  point  on  the  y-y 
axis  show  the  proportion  by  which  the  sum 
of  the  G/C  values  is  deficient  or  in  excess 
of  the  design  capacity  condition.  As  in- 
dicated on  the  chart,  a  design  capacity 
deficiency  of  20  percent  is  about  the  possible 
capacity  condition. 

With  chart  14,  graphic  solutions  can  be 
made  for  various  combinations  of  control 
conditions  to  determine  one  missing  factor. 
It  must  be  remembered  that  this  solution 
is  for  average  conditions  only,  with  as- 
sumptions that  trucks  and  busses  constitute 
10  percent  and  turning  movements  on  streets 
20  percent  (15  percent  on  expressways) 
of  the  total  approach  volume.  Where  spe- 
cific conditions  are  otherwise,  the  solutions 
should  be  obtained  from  charts  2-13. 

Problem  40 

In  a  downtown  area  a  two-way  street 
(approach  A)  62  feet  wide  with  parking 
intersects  a  two-way  street  (approach  B) 
44  feet  wide  without  parking.  A  fixed- 
time  signal  is  used  and  conditions  are  as- 
sumed to  be  average.  When  the  peak-hour 
volume  on  approach  A  is  400  v.p.h.  in  one 
direction  and  on  approach  B  is  600  v.p.h. 
in  one  direction,  is  the  capacity  of  the  in- 
tersection  adequate? 

Solution:  For  approach  A,  enter  chart 
14  at  the  left  with  W2=62/2=31,  proceed 
to  the  right  to  the  curve  for  downtown  two- 
way  street  with  parking,  then  down  to  an 
approach  volume  of  400  v.p.h.,  and  to  the 
right  to  (7/(7=0.38.  For  approach  B,  enter 
the  chart  at  the  extreme  right  with  W/2= 


two  facilities,  regardless  of  the  type  of 
each  (one-way  or  two-way  street  or  ex- 
pressway), type  of  area,  and  parking  regu- 
lation. The  left  half  of  the  chart  is  used 
for  the  approach  on  one  street  and  the 
right  half  for  the  approach  on  the  other 
(intersecting)  street.  A  line  projected  be- 
tween the  inner  sides  of  the  two  charts 
determines,  at  the  point  where  it  inter- 
sects the  center  axis,  y-y,  the  adequacy  of 
intersection  capacity. 

The  two  parts  of  chart  14  are  identical 
except  for  the  reverse  plotting.  The  ar- 
rangement of  each  part  is  similar  to  that 
of  chart  1,  but  the  G/C  ratio  is  made  the 
outer  scale  and  the  volume  is  shown  as  the 
lower  series  of  curves.  In  addition  to  the 
four  area-parking  conditions  shown  on 
chart  1,  conditions  for  one-way  streets  and 
expressways  are  represented  in  the  upper 
parts  of  chart  14  by  other  sloping  lines. 
These  are  control  values  previously  pre- 
sented, including  adjustments  to  obtain  de- 
sign capacity.  Notes  at  the  lower  left 
show  the  proper  W/2  value  to  be  used  for 
each  case.  The  G/C  ratio  on  the  inner  side 
scales  is  the  proportion  of  time  required 
on  the  one  approach  for  operation  at  design 
capacity.  With  an  assumption  of  10  per- 
cent of  the  cycle  time  being  used  in  the 
amber  periods,  design  capacity  is  obtained 
when  the  total  of  two  green  intervals  is  90 
percent  of  the  cycle  (the  sum  of  the  two 
G/C  values=0.90).  The  zero  point  on  the 
y-y  axis  is  located  so  that  a  straight  line 
between  any  two  G/C  values  passes  through 
it  when  their  sum  is  0.90.     The  scale  values 


USE  IN  PRELIMINARY   DESIGN 

In  planning  or  in  preliminary  design 
there  often  is  need  for  a  quick,  approximate 
determination  of  intersection  capacities. 
The  problem  usually  resolves  itself  into 
one  of  two  conditions:  (1)  where  the  in- 
tersecting volumes  are  known  and  street 
widths  are  established,  to  determine  whether 
capacity  is  adequate;  or  (2)  where  the 
intersecting  volumes  and  the  width  of  one 
street  are  given,  to  determine  the  width 
of   the   intersecting    street. 

These  problems  can  be  solved  with  charts 
1-13  by  first  determining  the  proportion  of 
green  time  required  for  one  approach,  as- 
suming a  cycle  length  and  appropriate 
amber  periods;  then  calculating  the  result- 
ant G/C  for  the  cross-street  approach;  and 
finally  determining,  according  to  the  cross- 
street  volume,  either  its  adequacy  for  ca- 
pacity or  its  necessary  width. 

SOLUTION  WITH  HOURLY  TRAFFIC 
VOLUMES 

Chart  14  was  devised  for  use  in  planning 
of  systems  or  for  early  stages  of  design, 
as  well  as  for  review  of  preliminary  plans, 
where  a  quick  method  is  needed  for  de- 
termining intersection  capacities  or  re- 
quired street  widths  at  a  four-way  inter- 
section under  signal  control.  Chart  14 
combines  the  necessary  information  for 
both  of  the  intersecting  streets  on  one  chart 
and  gives  results  in  terms  of  over-all  ca- 
pacity. It  takes  into  account  jointly,  for 
average  conditions,  the  intersection  of  any 
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44/2=22,  proceed  to  the  left  to  the  curve 
for  downtown  two-way  street  without  park- 
ing, then  down  to  an  approach  volume  of 

600  v.p.h.,  and  to  the  left  to  G/C=0.47.     A  /V////////777T 

straight    line    between    the    two   values    of  -« —  ONE-WAY 

G/C  falls  below  the  zero  point  on  the  y-y  

axis  so  capacity  is  adequate;  in  fact,  there  64'~H  1  '   ♦  K 

is   about  6%   excess  capacity.  '9  ' 

Adjusted    signal   timing,   if  desired,   can       traffic  volumes  shown   are 
be  obtained   by  dividing  each  G/C  by  the  average   daily  traffic 

portion  of  capacity  required  in  respect  to 
design    capacity.     In    this    case,    with    6% 

excess    capacity,    the    factor   is    (100 — 6) -5- '  — 

100=0.94,    and    the    signal    timing    would  ^= 

be:     For  approach  A,  0.38-^0.94=0.40;  for       ^ppppTTTyjjj^/ ///////// /-7-7-n 

approach    B,    0.47-0.94=0.50;     for    amber  /////-^^-~— 

(the  remainder),  0.10.  __^^— 

Problem  41 
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If,  in  problem  40,  all  of  the  conditions 
remain  the  same  except  that  approach  B 
has  to  accommodate  a  peak-hour  volume  of 
930  v.p.h.  in  one  direction,  to  what  extent 
must  this  approach  be  widened  to  make 
the  intersection  operate  at  design  capacity? 

Solution:  For  approach  A,  use  the  left 
portion  of  the  chart  as  in  the  previous  ex- 
ample, obtaining  a  value  of  G/C=0.38.  From 
this  point  project  a  straight  line  through  the 
zero  point  (design  capacity)  of  line  y-y 
to  intersect  the  G/C  scale  on  the  right 
portion  of  the  chart.  From  this  point 
(G/C=0.52),  proceed  to  the  right  to  an 
approach  volume  of  930  v.p.h.,  then  up  to 
the  curve  for  downtown  two-way  street 
without  parking,  and  to  the  right  to  W/2  = 
30.  Approach  B  would  have  to  be  widened 
to  60  feet  if  the  intersection  is  to  operate 
at  design   capacity. 

Problem  42 

A  two-way  expressway  (approach  A) 
with  two  24-foot  pavements  and  added  turn- 
ing lanes  intersects  a  52-foot  one-way  street 
without  parking  (approach  B).  The  inter- 
section is  situated  in  an  intermediate  area 
and  is  to  be  controlled  by  a  fixed-time  signal. 
The  plan  is  in  a  preliminary  design  stage 
with  only  general  traffic  information  of 
1,400  v.p.h  in  one  direction  on  approach  A 
and  1,200  v.p.h.  on  approach  B.  Can  these 
volumes    be    handled    satisfactorily? 

Solution:  Enter  chart  14  at  left  with 
width  of  approach  A=24  feet,  proceed  to 
the  right  to  the  curve  for  expressway  with 
turning  lanes,  then  down  to  an  approach 
volume  of  1,400  v.p.h.,  and  to  the  right  to 
G/C=0.56.  Enter  the  chart  at  right  with 
a  width  of  approach  B=52  feet,  proceed 
to  the  left  to  one-way  street  without  parking 
in  intermediate  area,  then  down  to  an  ap- 
proach volume  of  1,200  v.p.h.,  and  to  the 
left  to  G/C=0.37.  A  straight  line  between 
the  two  values  of  G/C  shows  that  the  in- 
tersection will  operate  at  slightly  above 
design  capacity,  or  about  3%  deficient;  this 
is  sufficiently  close  to  consider  the  design 
satisfactory. 
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Figure   12. — Illustrative  problems  43   and  44. 


SOLUTION    WITH   AVERAGE    DAILY 
TRAFFIC  VOLUMES 

In  the  first  stages  of  preliminary  design, 
when  the  pattern  of  highways  and  their 
intersections  are  being  developed,  street 
widths  often  must  be  tentatively  established 
as  a  starting  point.  Only  general  traffic 
values  are  then  available,  customarily  ex- 
pressed in  terms  of  average  daily  traffic 
volumes.  Such  information  is  of  little  value 
in  final  design  of  intersections,  but  in  the 
absence  of  peak-hour  volumes  the  average 
daily  traffic  volumes  may  be  considered  ap- 
propriate  for  preliminary  design. 

Where  the  design  volumes  are  given  in 
terms  of  average  daily  traffic  it  is  necessary 
to  convert  them  to  peak-hour  volumes  in 
one  direction  of  travel.  Chart  15  gives 
this  relation  for  average  conditions.  The 
peak-hour  volume  for  design  is  assumed  as 
12  percent  of  the  two-way  average  daily 
traffic,  and  as  55,  60,  and  65  percent  of  the 
total  peak-hour  traffic  as  the  predominant 
movement  in  one  direction  of  travel  for 
downtown,  intermediate,  and  outlying  areas, 
respectively.  Chart  15  may  be  entered  at 
the  top  with  the  total  two-directional  aver- 
age daily  traffic  volume,  or  at  the  bottom 
with  a  one-way  average  daily  traffic  volume. 
Thus,  the  chart  is  applicable  to  bot^i  one- 
and  two-way  facilities.  The  vertical  scale 
gives  the  design  peak-hour  volume  in  one 
direction    of  travel. 

It  will  be  noted  that  the  assumption  of 
the  peak  hour  traffic  as  12  percent  of  the 
two-way  average  daily  traffic,  and  the  use 
of  three  d  values,  results  in  different  peak- 
hour  percentages  of  the  one-way  average 
daily  traffic,  when  the  latter  is  one-half  of 
the  two-way  daily  volume.  Thus,  for  one- 
way facilities,  in  chart  15,  the  resulting 
percentages  that  the  peak-hour  volume  is 
of  the  one-way  average  daily  traffic  (ob- 
tained by  dividing  V  by  %  ADT),  are: 
downtown,  13.2;  intermediate,  14.4;  and 
outlying,   15.6. 


Problem  43 

Shown  in  figure  12  is  a  portion  of  a 
preliminary  plan  on  which  an  east-west 
four-lane  expressway  is  planned  to  cross 
at  grade  a  north-south  major  street.  The 
only  traffic  information  available  is  in  terms 
of  average  daily  traffic,  as  indicated  on 
the  figure.  The  north-south  street  cannot 
be  widened,  but  right-of-way  permits  wid- 
ening of  the  approaches  on  the  expressway. 
Determine  the  number  of  lanes  required 
at  the  intersection  in  each  direction  on  the 
expressway  if  the  intersection  is  to  operate 
at   design   capacity. 

Solution:  It  is  first  necessary  to  convert 
the  average  daily  traffic  volume  to  peak- 
hour  volume  in  one  direction  of  travel.  On 
the  north-south  street  the  two-directional 
daily  volume  of  11,200  vehicles  in  an  inter- 
mediate area,  from  chart  15,  is  equivalent 
to  a  peak-hour  volume  in  one  direction  of 
800  vehicles;  and  on  the  expressway  the 
daily  volume  of  12,500  vehicles  in  one 
direction  corresponds  to  a  peak-hour  volume 
of   1,800  vehicles. 

Using  the  north  approach  on  the  major 
street  as  approach  A  in  chart  14,  with 
W72  =  64/2=32,  two-way  street  with  no 
parking  in  intermediate  area,  and  an  ap- 
proach volume  of  800  v.p.h.,  a  value  of 
G/C=0.46  is  obtained.  From  this  point  a 
straight  line  is  projected  to  the  right 
through  the  zero  point  of  line  y-y,  inter- 
secting a  value  of  G/C=0.44  for  approach 
B.  From  this  point  proceed  to  the  right 
to  an  approach  volume  of  1,800  v.p.h.,  then 
up  to  expressway  with  widened  approaches, 
and  read  at  the  right  a  required  approach 
width  of  about  50  feet. 

The  two-lane  pavement  in  each  direction 
on  the  expressway  should  therefore  be 
widened  in  advance  of  and  beyond  the  inter- 
section to  50/12=4.2,  or  four  lanes.  The 
length  of  widened  pavements  should  be 
of  sufficient  length,  as  noted  under  the 
sketch   in   chart   13. 
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Problem   44 

In  figure  12,  the  north-south  major  street 
intersects  a  one-way  street  at  a  point  sev- 
eral hundred  feet  north  of  the  expressway. 
According  to  the  average  daily  traffic 
volumes  indicated  and  street  widths  pro- 
vided, determine  whether  adequate  capacity 
is  available  at  this  intersection. 

Solution:  The  left  portion  of  chart  14 
is  used  for  one  approach  on  the  north-south 
street,  as  in  problem  43.  The  right  portion 
of  the  chart  is  used  for  the  east  approach 
of  the  one-way  street  with  W/2=44,  one- 
way street  with  parking  in  intermediate 
area,  and  an  approach  volume  of  960  v.p.h. 
(derived  from  chart  15  as  the  equivalent 
of  an  average  daily  traffic  in  one  direction 
of  6,700).  A  straight  line  between  the  two 
resulting  values  of  G/C  indicates,  at  the 
intersection  of  the  y-y  line,  that  more  than 
adequate  capacity  is  provided. 

LIMITATIONS  IN  USE  OF 
CHARTS  14  AND  15 

Although  charts  14  and  15  are  convenient 
tools  for  preliminary  design,  the  limitations 


in  their  use  should  be  recognized: 

1.  Results  are  approximate,  since  average 
conditions  are  assumed. 

2.  On  two-way  facilities  it  is  assumed 
that  the  volume  of  left-turning  vehicles 
can  be  accommodated  without  requiring 
three-phase  signal  control.  Generally  on 
major  facilities  not  more  than  80  to  120 
left-turning  vehicles  per  hour  can  be  handled 
without  a  separate  signal  indication.  Even 
in  preliminary  design,  if  it  is  known  that 
the  left  turns  on  one  approach  will  exceed 
about  100  vehicles  per  hour,  the  more  de- 
tailed charts  should  be  used. 

3.  Where  average  daily  traffic  volumes 
are  used  as  the  traffic  basis,  and  corre- 
sponding one-way  peak-hour  volumes  are 
taken  from  chart  15,  it  should  be  remem- 
bered that  the  peak-hour  volumes  on  each 
approach  may  not  occur  simultaneously. 
At  intersections  involving  two-way  streets 
on  which  the  signal  timing  remains  the 
same  throughout  the  day,  the  peak-hour 
volumes  thus  obtained  and  used  may  be  ap- 
propriate.    However,   if   the  signal  timing 


is  different  during  the  morning  peak  from 
that  during  the  evening  peak,  because  of 
load  distribution,  or  if  one  or  both  of  the 
intersecting  streets  are  one-way,  the  peak- 
hour  volumes  based  on  average  daily  traffic 
may  not  be  representative.  If  the  designer 
has  some  knowledge  of  the  peak  distribu- 
tions, he  can  make  adjustments  in  the  hourly 
approach  volumes  to  arrive  at  the  informa- 
tion needed  for  both  the  morning  and  eve- 
ning peak  hours,  one  or  both  of  which  may 
govern  the  design;  if  not,  the  direct  use 
of  chart  15  for  each  approach  will  give 
results  in  design  on  the  safe  side. 

4.  Chart  14  may  not  always  apply  to 
those  intersections  where  a  given  minimum 
green  interval  must  be  maintained,  as  for 
a  pedestrian  crossing.  However,  the  values 
of  G/C  obtained  in  the  solution  for  any 
intersection  can  be  tested  with  logical  cycle 
lengths  to  determine  whether  the  required 
green  interval  may  be  obtained. 

5.  For  approximate  results,  chart  14  may 
also  be  used  for  T  or  Y  intersections. 
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DESIGN    CAPACITY  OF  SIGNALIZED   INTERSECTIONS 
TWO-WAY    STREETS  — AVERAGE   CONDITIONS 
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NOTE:-  For  capacity  of  separate  turning  lanes  and  sketch  of  intersection  layout,  see  chart  12. 


DESIGN  CAPACITY  OF  SIGNALIZED  INTERSECTIONS 

EXPRESSWAYS    WITH  SEPARATE  TURNING  LANES 

CAPACITY  OF  THROUGH  LANES  ONLY 
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3,    GOVERNMENT    PRINTING    OFFICE.     I981-9I13I9 


A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according  to 
subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  Bureau  of  Public  Roads, 
Washington   25,   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Publie  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office.  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment   is   required. 


ANNUAL  REPORTS 

(Sec  also  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 

1937,  10  cents.         1938,  10  cents.         1939,  10  cents. 

Work  of  the  Public  Roads  Administration: 

1940,  10  cents.  1942,   10  cents.  1948,  20  cents. 

1941,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947,  20  cents. 

Annual  Report,  Bureau  of  Public  Roads,  1950,  25  cents. 


HOUSE   DOCUMENT   NO.   462 


Part 

1  . 

Part 

2  . 

Part 

3  . 

Part 
Part 

4  . 

5  . 

Part  6 


.  Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

.  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

.  Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

.  Official  Inspection  of  Vehicles.     10  cents. 

.  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

.  The    Accident-Prone    Driver.     10  cents. 


UNIFORM  VEHICLE  CODE 

Act  I. Uniform  Motor- Vehicle  Administration,  Registra- 
tion, Certificate  of  Title,  and  Antitheft  Act.  10 
cents. 

Act      II. Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 

License  Act.     10  cents. 

Act    III.— Uniform  Motor-Vehicle  Civil  Liability  Act.  10  csnts. 

Act    IV. Uniform   Motor-Vehicle    Safety   Responsibility   Act. 

10  cents. 

Act  V.— Uniform  Act  Regulating  Traffic  on  Highways.  20 
cents. 

Model   Traffic   Ordinance.     15   cents. 

k 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.     30  cents. 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40 
cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 


Guides  to   Traffic   Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location    (No.  1486D).     15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 

249).     50  cents. 
Highway  Practice  in  the  United  States  of  America.     50  cents. 
Highway  Statistics,  1945.     35  cents. 
Highway  Statistics,  1946.     50  cents. 
Highway  Statistics,  1947.     45  cents. 
Highway  Statistics,  1948.     65  cents. 
Highway  Statistics,  Summary  to  1945.     40  cents. 
Highways  of  History.     25  cents. 
Identification  of  Rock  Types.     10  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 
Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 
Manual  on   Uniform  Traffic   Control  Devices  for  Streets  and 

Highways.     50  cents. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips,  and  Other  Landing  Areas  for  Aircraft.     $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 
Roadside  Improvement  (No.  191MP).     10  cents. 
Specifications  for  Construction  of   Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks  (FP-41).     $1.50. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
The  Local  Rural  Road  Problem.     20  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.     $1.25. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent    of    Documents. 

ANNUAL   REPORTS 

(See  also  adjacent  column} 

Public  Roads  Administration  Annual  Reports: 
1943.  1944.  1945. 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography    on    Highway    Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  PUBLIC  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skill  and  Right  Equipment. 
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IN  RECENT  YEARS  a  number  of  State 
highway  departments  have  established 
highway  control  sections  1  as  a  means  of  co- 
ordinating records  of  the  work  performed 
on  highways.  Among  the  objectives  in- 
volved in  such  undertakings  is  the  bringing 
together  of  construction  expenditures  and 
maintenance  and  operation  expenditures  in 
a  fashion  that  will  establish  a  current  and 
continuing  record  of  the  annual  cost  of  each 
section   of  highway. 

Such  cost  information,  when  available 
for  the  entire  highway  system,  will  pro- 
vide a  wealth  of  facts  concerning  the  costs 
of  providing  road  transportation  service. 
Data  pertaining  to  the  annual  cost  of  each 
type  of  surface,  each  type  of  structure,  and 
other  elements  of  the  highway  can  be  made 
available  as  a  routine,  continuing  process 
in  these  States  operating  on  a  control-sec- 
tion basis.  From  such  information  on  the 
cost  of  highways  under  a  variety  of  condi- 
tions can  be  obtained  the  facts  useful  in 
short-  and  long-range  planning  and  pro- 
graming, and  in  numerous  types  of  eco- 
nomic analyses  and  problems  of  economic 
justification. 

Annual   Road   Cost 

The  term  "annual  road  cost"  as  used  in 
the  following  discussion  refers  only  to  the 
actual  or  estimated  annual  depreciation 
charge  plus  the  annual  expenditure  for 
maintenance  and  operation.  In  accord 
with  present-day  accounting  practice  these 
two  cost  elements  would  be  considered  es- 
sential to  any  method  of  computing  annual 
road  costs. 

The  depreciation  charge  is  a  measure  of 
the  annual  capital  (construction)  cost.  The 
expenditure  for  maintenance  and  operation 
indicates  what  has  been  spent  to  preserve 
the  highway  as  nearly  as  possible  in  its 
original  condition  as  constructed  or  as  sub- 
sequently improved,  and  for  the  operation 
of  highway  facilities  and  services  to  provide 
satisfactory  and  safe  highway  transporta- 
tion. 


1  Report  of  the  Highway  Research  Board  Committee 
on  Highway  Costs,  Memorandum  No.  1.  Highway  Re- 
search Correlation  Service  Circular  No.   61,  May  1949. 


Other  elements  of  highway  cost,  such  as 
interest,  taxes,  and  the  like,  may  be  in- 
cluded in  the  term  annual  road  cost  de- 
pending on  the  use  to  be  made  of  the  cost 
information.2  These  items  have  been  omit- 
ted from  this  discussion  but  could,  if  needed, 
be  added  to  the  costs  obtained  as  described 
here. 

The  procedures  outlined  in  this  report 
have  been  discussed  with  members  of  State 
highway  planning  surveys,  engineers,  ac- 
countants, and  highway  officials  in  more 
than  20  States.  This  material  has  also 
been  discussed  by  members  of  the  Highway 
Research  Board  Committee  on  Highway 
Costs 3  at  the  twenty-eighth  and  twenty- 
ninth  annual  meetings  of  the  Highway  Re- 
search Board  (1948  and  1949).  The  sug- 
gestions and  advice  received  as  a  result  of 
these  discussions  are  gratefully  acknowl- 
edged. Special  recognition  is  due  the  Texas 
Highway  Planning  Survey  for  its  coopera- 
tion in  furnishing  the  basic  data  which 
were  used  to  prepare  the  road  cost  charts 
exhibited  in  this  report. 

Depreciation- 
There  are  many  mathematical  formulas 
which  can  be  utilized  in  computing  depre- 
ciation charges.  Some  of  the  better  known 
include  the  straight-line,  production,  com- 
pound-interest, sinking-fund,  annuity,  and 
fixed-percentage-of-declining-balance  meth- 
ods. There  are  others  which  are  not  as 
well  known.  In  spite  of  the  diversity  of 
formulas  the  straight-line  method  is  in  al- 
most  universal  use   throughout  the   United 


2  For  a  discussion  of  this  subject,  see  Costs  of  high- 
ways to  the  public  and  uses  of  cost  computations.  Re- 
port of  the  Highway  Research  Board  Committee  on 
Highway  Costs:  Proceedings  of  the  24th  annua]  meet- 
ing of  the  Highway  Research  Board,  1944;  page  1. 

3  The  members  of  this  committee  are  Fred  B.  Farrell, 
chairman.  Chief.  Highway  Cost  Section,  Bureau  of  Pub- 
lic Roads:  James  A.  Foster,  Highways  and  Municipal 
Bureau,  Portland  Cement  Association;  Carl  E.  Fritts, 
Director.  Highways  Division,  Automotive  Safety  Foun- 
dation; Raleigh  W.  Gamble.  Superintendent.  Bureau  of 
Street  Construction  and  Repairs,  Milwaukee,  Wise; 
O.  L.  Kipp,  Chief  Engineer,  Minnesota  Department  of 
Highways:  Bertram  H.  Lindman,  Transportation  Con- 
sultant. "Washington,  D.  C:  H.  R.  Wilson,  Fiscal  Man- 
ager, Finance  and  Management  Division,  Bureau  of 
Public  Roads;  and  Robley  Winfrey,  Research  Professor 
of  Civil  Engineering,   Iowa  State  College. 


Following  its  initial  construction,  every 
highway  generates  a  demand  upon  current 
revenue  for  maintenance  and  operation  and 
upon  future  revenue  for  rebuilding  and 
modernization.  In  order  that  this  demand 
may  be  met  in  a  plan  that  will  provide  maxi- 
mum service  at  minimum  cost,  it  is  essential 
to  have  knowledge  of  annual  road  costs. 
Such  cost  information  is  invaluable  for  plan- 
ning and  programing  and.  when  correlated 
with  traffic  volumes,  weights,  surface  types, 
and  similar  factors,  is  useful  in  a  variety  of 
economic  analyses. 


States.'  The  principles  of  this  method  have 
been  adapted  to  the  determination  of  an- 
nual road  costs. 

For  such  purposes  the  funds  which  have 
been  expended  (invested)  for  the  construc- 
tion of  highways  are  subdivided  into  vari- 
ous fixed-asset  accounts.  There  are  eight 
such  fixed-asset  accounts  recommended  by 
the  Subcommittee  on  Uniform  Accounting 
of  the  American  Association  of  State  High- 
way Officials:  (1)  Right-of-way,  (2)  road- 
way and  drainage  grading  and  earthwork, 
(3)  drainage  structures  and  roadway  earth- 
work protective  structures,  (4)  roadway 
surface  and  base  (by  roadway  surface 
type),  (5)  improved  shoulders  and  ap- 
proach surfacing,  (6)  bridges,  viaducts, 
grade-separation  structures,  and  tunnels  (by 
individual  structure),  (7)  traffic  and  pedes- 
trian services,  and  (8)  roadside  develop- 
ment. 

For  purposes  of  an  annual  cost  computa- 
tion, the  basic  information  required  fox- 
each  control  section  includes  date  of  con- 
struction, cost  of  construction  (by  fixed- 
asset  accounts),  amount  depleted  (or,  con- 
versely, the  amount  salvaged)  at  the  time 
of  each  subsequent  reconstruction,  age  at 
the  time  of  reconstruction,  and  other  facts. 
As  used  here,  depletion  refers  to  that  por- 
tion of  the  construction  investment  which  is 
lost    at    the    time    of    reconstruction,    aban- 


4  Report  of  Committee  on  Depreciation,  National 
Association  of  Railroad  and  Utilities  Commissioners, 
1943,  page  89.  Published  by  the  Association,  Washing- 
ton, D.  C. 
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Figure  1. — A  simple  survivor  curve,  showing  the  age  of  the  original  investment  at  the  time 
of  each  reconstruction  and  the  amount  of  capital  depleted,  and  the  steps  involved  in 
deriving  the  combined  straight-line  depreciation   curve. 


donment,  or  transfer  of  the  highway  to  an- 
other authority.5 

This  basic  information  can  be  used  to 
construct  for  each  fixed  asset  the  type  of 
graph  shown  in  figure  1A,  which  was  made 
by  plotting  the  percentage  of  the  original 
investment  surviving  at  Vz,  1%,  2%,  etc., 
years  of  age  and  then  connecting  these 
points  with  straight  lines,  a  standard  prac- 
tice in  mortality  studies  of  highways.  The 
resulting  curve  shows  the  survivor  history 
of  the  capital  invested  in  a  given  year  for 
the  construction  of  one  of  the  fixed  assets 
(roadway  and  drainage  grading  and  earth- 
work, drainage  structures  and  roadway 
earthwork  protective  structures,  each  road- 
way surface  and  base  type,  etc.)  comprising 
the  highway.  Such  graphs  can  be  prepared 
for  the  capital  invested  in  each  of  the  other 
fixed  assets,  and  for  additional  capital  in- 
vested when  the  highway  is  subsequently 
reconstructed.  The  total  annual  deprecia- 
tion charge  for  the  control  section  is  built 
up  from  data  computed  from  these  indi- 
vidual  investment  survivor   curves. 

Depreciation   Rate 

To  determine  the  rate  of  depreciation  for 
a  fixed  asset  having  the  survivor  history 
indicated  in  figure  1A,  each  depletion  is 
treated  as  a  separate  unit  of  property  and 
the  rate  of  depreciation  for  each  depletion 
is  found.  Then  the  several  rates  of  depre- 
ciation are  added  together  to  give  the  total 
rate  of  depreciation  for  that  fixed  asset. 
This  is  known  as  the  unit  summation 
method ,;  for  applying  the  principle  of 
straight-line  depreciation  to  a  property 
group  consisting  of  units  having  different 
service  lives. 

Figure  IB  illustrates  the  first  step  in  this 
procedure,  that  of  determining  the  rate  of 
depreciation  for  the  individual  depletions. 
The  first  reconstruction,  5  years  after  the 
initial  construction,  caused  a  depletion  of 
15  percent  of  the  fixed  asset.     Accordingly, 


5  Methods  of  developing  a  progressive  record  of  con- 
struction investment  are  outlined  in  the  Bureau  of 
Public  Roads  Planning  Survey  Memorandum  No.  322, 
June  30.  1939:  Further  suggestions  on  tin  summary 
and   tabulation  of   the  road  life   studies. 

0  Depreciation  of  Group  Properties,  by  Robley  Win- 
frey, Iowa  Engineering  Experiment  Station  Bulletin 
155,  1942;  Iowa  State  College,  Ames,  Iowa. 


15  percent  of  the  fixed  asset  must  be  depre- 
ciated over  a  period  of  5  years,  which  is  the 
equivalent  of  an  annual  rate  of  3  percent. 
Similarly,  for  the  second  depletion  65  per- 
cent is  depreciated  over  a  13-year  period, 
or  an  annual  rate  of  5  percent,  and  for  the 
third  depletion  20  percent  is  depreciated 
over  20  years,  or  1  percent  per  year. 

The  manner  by  which  the  several  rates 
of  depreciation  are  combined  to  yield  the 
resultant  rate  for  the  fixed  asset  is  illus- 
trated in  figure  1C.  During  the  period  from 
age  zero  to  age  5  years,  the  three  separate 
rates  of  depreciation  (3,  5,  and  1  percent) 
are  added  together  to  obtain  a  total  rate  of 
depreciation  of  9  percent  per  year.  For 
this  5-year  period,  then,  the  total  depre- 
ciation was  5X9=45  percent.  From  age  5 
years  to  age  13  years  two  separate  rates 
(5  and  1  percent)  are  added  together  to 
obtain  the  total  rate  of  depreciation  of  6 
percent  per  year.  For  this  8-year  period 
the  total  was  8vfi=48  percent.  In  the  final 
period,  from  age  13  years  to  age  20  years, 
the  total  rate  of  depreciation  for  the  fixed 
asset  was  1  percent  per  year.  For  this  7- 
year  period,  the  total  was  7X1  =  7  percent. 
The  grand  total  depreciation  for  the  three 
periods  (45,  48,  and  7  percent)  is  100  per- 
cent of  the  original  amount. 

The  unit  summation  method  has  the  merit 
of  relating  depreciation  charges  td  the  serv- 
ice given  by  each  of  the  units  (depletions) 
comprising  the  group.  It  tends  to  reduce 
the  underaccrual  of  depreciation  charges  on 
short-lived  units  and  the  overaccrual  on 
long-lived  units  which  is  common  to  certain 
other  methods  for  computing  depreciation 
of  group  properties. 

The  example  shown  in  figure  1  illustrates 
a  situation  in  which  all  of  the  original  fixed 
asset  has  been  depleted.  Comparable  situa- 
tions usually  do  not  exist  on  highway  con- 
trol sections  since  much  of  the  original  in- 
vestment (roadway  and  drainage  grading 
and  earthwork,  for  example)  has  not  been 
depleted.  For  this  undepleted  capital  it  is 
necessary  that  the  remaining  life  expect- 
ancy be  estimated.  Indications  of  service 
life  may  be  obtained  from  the  analysis  of 
construction  investment  retirements,  a  phase 
of  the  road  life  studies  being  conducted  by 
the  State  highway  planning  surveys  in  co- 
operation with  the  Bureau  of  Public  Roads. 


The  share  of  construction  costs  which 
may  properly  be  chai-ged  to  a  control  section 
during  a  given  year  is  found  by  adding  to- 
gether the  depreciation  charges  which  have 
been  computed  for  that  year  for  all  im- 
provements built  within  the  control  section. 
These  figures  in  turn  are  made  up  of  actual 
or  estimated  depreciation  charges  for  the 
individual  fixed-asset  accounts  comprising 
the  improvement  in  accordance  with  the 
methods  outlined  above. 

Forms  for  Computations 

Depreciation  computations  can  be  greatly 
facilitated  by  the  use  of  well-designed 
forms.  A  form  which  provides  for  all  pos- 
sible adjustments  to  depreciation  rates  and 
for  all  future  additions  of  data  may  be- 
come unnecessarily  complicated.  A  simpler 
form  will  usually  prove  more  desirable  even 
though  it  may  require  the  occasional  prep- 
aration of  a  new  depreciation  sheet  for  the 
control  section  when  an  appreciable  revision 
is  caused  by  later  reconstruction. 

Forms  1  and  2,  shown  in  figure  2,  are 
examples  of  the  type  of  form  used  for  com- 
puting and  summarizing  depreciation  data 
for  control  sections  and  are  shown  in  this 
report  for  illustrative  purposes  only.  To 
facilitate  comparing  the  cost  of  one  section 
of  road  with  the  cost  of  any  other,  these  par- 
ticular forms  provide  for  showing  deprecia- 
tion as  an  annual  charge  on  a  per-mile  basis 
for  any  selected  segment  within  the  control 
section  and  for  the  control  section  as  a 
whole.  It  will  be  noted  also  that  these 
forms  provide  for  adjusting  depreciation 
charges  to  a  common  price  level  in  order 
that  all  costs  may  be  expressed  in  terms  of 
dollars  having  approximately  the  same  pur- 
chasing power. 

Correlating  maintenance  and  operation 
expense  with  depreciation  charges  can  be 
readily  undertaken  in  those  States  that  have 
established  control  sections  since  this  is  one 
of  the  basic  functions  of  the  control  section 
procedure.  In  the  same  way  that  depre- 
ciation charges  are  adjusted  to  a  common 
price  level,  maintenance  and  operation  ex- 
pense is  adjusted  by  means  of  a  maintenance 
price  index  to  a  common  price  level.  The 
same  base  periods  should  be  used  for  both 
the  construction  and  maintenance  price 
indexes. 

Form  3  (fig.  2)  is  an  example  of  a  form 
for  summarizing  depreciation  charges  and 
maintenance  and  operation  expense  on  a 
per-mile  basis  for  a  given  control  section. 
This  particular  form  is  for  illustrative  pur- 
poses only  and  should  be  designed  in  each 
instance  to  fit  the  needs  in  a  given  State. 
For  example,  bridge  data  are  not  recorded 
on  form  3,  but  may  readily  be  included,  if 
desired. 

The  annual  road  cost  per  mile  for  the 
control  section  is  obtained  by  adding  the 
total  annual  depreciation  charge  per  mile 
for  the  control  section  and  the  correspond- 
ing maintenance  and  operation  expense  per 
mile. 
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FORM  2   —CAPITAL  DEPRECIATION  SUMMARY  SHEET 
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Figure  2.— —Forms  for  com- 
puting and  summarizing 
depreciation  charges  and 
for  summarising  annual 
road   costs. 
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TEXAS   LOG  RECORD  OF  PROJECT  CONSTRUCTION  AND  RETIREMENTS 

:  H/D4LGQ    County  L/ne 
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1940 population  of  county  was  83.202 .  Principal  city  in  county  is  Brownsville  (194-0 pop- 


ulation was   22.8Q3). 


Figure   3. — Log  record  of  project  construction   and  retirements  for  Texas  control  section   39-6. 


At  the  bottom  of  form  3,  space  should  be 
provided  for  special  computations.  One 
such  possible  computation  is  the  cost  per 
vehicle-mile,  as  shown  on  the  form.  Others 
may  be  entered  on  the  form  at  the  discre- 
tion of  the  highway  department  to  show 
trends  in  the  annual  costs  of  the  control 
section  in  relation  to  other  factors. 


wide  and  consists  of  a  1-inch  limestone 
rock-asphalt  mat  on  an  old  portland  cement 
concrete  base. 

Although  agriculture  plays  a  dominant 
role  in  the  economy  of  the  county,  one-half 
of  the  population  lives  in  urban  areas.  In- 
terurban  bus  service  is  scheduled  at  fre- 
quent intervals  along  this  route.     There  are 


a  number  of  manufacturing  establishments 
in  the  county,  some  of  which  depend  on  local 
crops  for  raw  materials.  Many  of  these  es- 
tablishments rely  upon  motor  carriers  to 
support  their  operations.  The  area  also  has 
a  modest  tourist  trade.  Average  traffic  on 
control  section  39-6  was  3,389  vehicles  per 
day  in  1936.     Following  a  wartime  decline 


Annual   Road   Cost   Data 

As  an  example  of  annual  cost  determina- 
tions, a  highway  in  Texas  is  here  consid- 
ered. Figure  3  shows  one  of  the  construc- 
tion project  log  records  prepared  by  the 
Texas  State  Highway  Department  for  con- 
trol section  39-6  on  a  portion  of  U  S  83 
in  Cameron  County,  the  southernmost 
county  in  the  State.  This  control  section 
begins  at  the  west  county  line  and  extends 
eastward  to  the  intersection  with  State 
Route  96  in  the  city  of  Harlingen.  The 
total  length  of  the  control  section  is  10.292 
miles,  but  only  the  rural  portion  of  8.705 
miles  is  embraced  in  the  following  dis- 
cussion. 

A  view  of  the  roadway  looking  to  the  west 
from  just  inside  the  city  limits  of  Harlingen 
is  shown  in  figure  4,  and  another  part  of 
tfie  control  section  is  depicted  on  the  cover. 
The  existing  three-lane   surface  is  32  feet 
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Figure  4. — View  of  the  eastern  end  of  Texas  control  section  39-6. 
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to  2,659  in  1943,  the  average  traffic  increased 
to  5,542  vehicles  per  day  in  1948. 

Annual  roadway  costs  for  an  average  mile 
of  control  section  39-6  are  shown  in  the 
upper  left  portion  of  figure  5.  In  this  il- 
lustration all  costs  have  been  adjusted  to  a 
1937-41  price  level.  Bridge  costs  were 
omitted  from  the  computations  of  costs,  but 
could  be  included,  if  desired,  with  no  change 
in  the  general  procedure. 

The  annual  depreciation  charges,  as  ob- 
tained from  the  investment  study,  extend 
back  to  1924.  Data  on  maintenance  and 
operation  expense,  however,  date  back  only 
to  1936.  The  State's  control-section  setup 
was  not  in  full  operation  before  that  date, 
and  maintenance  and  operation  expense 
could  not  be  correlated  with  construction 
costs  for  the  years  prior  to  1936.  Conse- 
quently, the  data  presented  in  figure  5  begin 
with  the  year  1936. 

Only  the  total  annual  depreciation  and 
the  total  maintenance  and  operation  expense 


are  shown  in  figure  5.  Similar  charts  could 
be  prepared  for  each  of  the  fixed-asset  ac- 
counts, if  desired,  by  selecting  the  appro- 
priate data  from  the  annual  road  cost  work 
sheet  for  the  control  section. 

For  purposes  of  general  illustration,  an- 
nual average  daily  traffic  information  has 
been  obtained  for  control  section  39-6,  and 
an  annual  cost  per  vehicle-mile  computed. 
These  data  are  also  shown  in  the  left  side 
of  figure  5.  The  true  significance  of  such 
a  trend  for  a  particular  control  section  can, 
of  course,  be  properly  appraised  only  after 
consideration  and  study  of  many  factors, 
such  as  composition  and  type  of  traffic,  fre- 
quency of  heavy  axle  loads,  subgrade  condi- 
tions, degree  of  maintenance  afforded,  and 
type  and  width  of  surface  and  shoulders. 

Cost   Trends 

In  order  to  smooth  out  the  somewhat  er- 
ratic   trends    characteristic    of    these    data 


when  presented  on  an  annual  basis,  averages 
for  a  group  of  years  may  prove  more  use- 
ful. The  right  side  of  figure  5  shows  the 
annual  cost  data  for  control  section  39-6  on 
the  basis  of  5-year  averages.  In  this  case 
the  5-year  averages  are  plotted  at  the  last 
year  of  each  5-year  group.  Thus,  the  aver- 
age for  1936-40  is  plotted  at  1940,  and  so 
on.  The  trends  are  more  apparent  when 
the  data  are  arranged  this  way,  thus  mak- 
ing them  more  acceptable  for  general  ad- 
ministrative use.  The  average  annual  daily 
traffic  and  annual  cost  per  vehicle-mile,  on 
a  5-year  average  basis,  are  also  shown  in 
the  right  side  of  figure  5. 

Computations  similar  to  the  foregoing 
have  been  made  for  other  control  sections 
in  Texas  and  other  States.  The  annual 
cost  per  mile,  traffic  volume,  and  annual  cost 
per  vehicle-mile  for  four  additional  control 
sections  in  Texas  are  shown  in  the  upper 
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Figure  5. — Annual  cost  per  mile,  annual  average  daily  traffic,  and  annual  cost   per   vehicle-mile,   on   an   annual  basis  and 

average  basis,  for  Texas  control  section  39-6  (data  adjusted  to  1937-41  prices). 
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age  basis,  for  four  Texas  control  sections  (data  adjusted  to  1937-41    prices). 
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part  of  figure  6.  Similarly,  the  5-year- 
average  annual  cost  per  mile,  5-year-average 
daily  traffic,  and  5-year-average  annual  cost 
per  vehicle-mile  for  the  same  sections  are 
shown  in  the  lower  part  of  figure  6.  These 
control  sections,  which  were  selected  at  ran- 
dom, are  briefly  described  in  table  1.  The 
cost  data  shown  here  are  not  necessarily 
representative  of  the  average  cost  of  these 
road  types  and  consequently  conclusions 
should  not  be  drawn  from  this  small  sample 
as  to  relative  cost. 


Table  1. — Length,  type,  and  locution  of  control  sections 

Control 

Num- 

section 

Length 

ber  of 

Surface  type 

Route 

County 

Location 

number 

lanes 

Miles 

359-1 

7.102 

2 

Bituminous  surface 
treated. 

Texas  119.  .  .  . 

DeWitt 

From  Yorktown  south- 
east toward  Goliad. 

69-6 

9.768 

2 

Bituminous  penetration. 

US  87 

Tom  Green .  .  . 

From  Coke  County  line 
southeast  toward  San 
Angelo. 

167-2 

15.246 

'  2 

Bituminous  concrete.  .  . 

U  S  54 

El  Paso 

From  El  Paso  north  to 
New   Mexico  State 
line. 

14-8 

10.062 

'2 

Portland  cement  con- 
crete. 

U  S  77  and  81 

McLennan. . . . 

From   Hill  County  line 
south    toward   Waco. 

1  4.776  miles  adjacent  to  El  Paso  were  widened  to  four  lanes  in  1941. 
'-'  0.544  mile  at  the  south  end  was  built  (1934)  as  three  lanes. 


New  Publications 


THE  MATHEMATICAL  THEORY  OF  VIBRATION   IN  SUSPENSION  BRIDGES 


The  Bureau  of  Public  Roads  has  recently 
published  The  Mathematical  Theory  of  Vi- 
bration in  Suspension  Bridges,  a  450-page 
report  of  a  study  undertaken  under  the 
auspices  of  the  Advisory  Board  on  the  In- 
vestigation of  Suspension  Bridges.  The 
book  is  for  sale  by  the  Superintendent  of 
Documents,  U.  S.  Government  Printing  Of- 
fice, Washington  25,  D.  C,  at  $1.25  a  copy. 

The  Advisory  Board,  established  subse- 
quent to  the  collapse  of  the  Tacoma  Nar- 
rows Bridge  in  1940,  has  sponsored  a  series 
of  investigations  seeking  to  determine  the 
causes  of  suspension  bridge  vibration,  to 
develop  a  rational  theory  explanatory  of  the 
phenomenon,  and  to  work  out  methods  of 
design  practice  which  will  reduce  these  dan- 
gerous motions. 

The  Mathematical  Theory  of  Vibration  in 
Suspension  Bridges  develops  mathematical 
analyses  of  the  dynamic  problem  and  sug- 
gests experimental   data  needed  to   support 


them.  Authors  of  this  highly  technical 
study  are  Dr.  Friedrich  Bleich,  Consulting 
Engineer,  American  Institute  of  Steel  Con- 
struction; Dr.  C.  B.  McCullough,  Assistant 
Chief  Engineer,  Oregon  State  Highway 
Commission;  Richard  Rosecrans,  Structural 
Research  Engineer,  Oregon  State  Highway 
Commission;  and  George  S.  Vincent,  Princi- 
pal Highway  Bridge  Engineer,  Bureau  of 
Public  Roads.  Unfortunately,  both  Dr. 
Bleich  and  Dr.  McCullough  died  before  their 
work  appeared  in  published  form. 

The  content  of  the  publication  is  indi- 
cated by  the  subjects  of  the  major  sections: 

Chapter  1. — History  of  troublesome  dy- 
namic stress  effects  in  suspension  bridges; 
a  general  statement  of  the  dynamic  prob- 
lems ;  the  mathematical  theory  of  vibration 
problems. 

Chapter  2. — A  general  statement  of  the 
problem  and  determination  of  physical  data 
needed   for  its   solution. 


Chapter  3. — Frequencies,  modes  of  vibra- 
tion, and  energy  storage  in  freely  vibrat- 
ing suspension  bridges  with  hinged  stif- 
fening frames. 

Chapter  4. — Application  of  the  energy 
method  to  the  analysis  of  the  frequencies, 
modes  of  vibration,  and  energy  storage 
capacity  in  freely  vibrating  suspension 
bridges   with   continuous   stiffening   frames. 

Chapter  5. — Influence  of  various  design 
factors  on  frequencies,  modes  of  motion, 
and  energy  storage. 

Chapter  6. — Consideration  of  structural 
damping   in   suspension   bridges. 

Chapter  7. — The  flutter  theory  of  truss- 
stiffened  suspension  bridges  under  wind  ac- 
tion. 

Chapter  8. — The  linearized  deflection  the- 
ory developed  for  suspension  bridges  having 
tower  stays. 

Chapter  9. — Experimental  verification  of 
the  linearized   deflection   theory. 


SELECTED  BIBLIOGRAPHY  ON   HIGHWAY  FINANCE 


The  Bureau  of  Public  Roads  has  recently 
published  a  Selected  Bibliography  on  High- 
way Finance  which  provides  nearly  1,400 
annotated  references,  for  the  years  1939-49, 
in  the  field  of  highway  taxation  and  finance 
in  the  United  States.  Emphasis  is  placed 
chiefly  on  theory,  but  basic  sources  of  perti- 
nent statistics  are  included.  The  bibliog- 
raphy may  be  purchased  from  the  Super- 
intendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at 
55  cents  a  copy. 

The  search  for  solutions  to  the  problems 


currently  encountered  by  all  levels  of  gov- 
ernment in  obtaining  adequate  revenues  for 
highway  operation  and  capital  outlay  has 
intensified  the  value  of  all  types  of  infor- 
mation on  finance.  The  Selected  Bibliogra- 
phy on  Highway  Finance  is  the  complete 
key  to  this  need. 

The  references  in  the  bibliography  are 
arranged  according  to  a  useful  classification 
scheme  under  seven  major  topics — general 
discussions,  taxation,  expenditures,  borrow- 
ing, financial  programs  and  plans,  miscel- 
laneous   topics,    and    statistics.     Both    geo- 


graphical and  author  indexes  are  included 
in  the  publication. 

Brief  annotations  accompany  most  entries 
to  indicate  the  general  nature  of  content, 
but  evaluation  of  importance,  accuracy,  or 
validity  has  not  been  attempted.  The  ref- 
erences were  carefully  selected,  however,  so 
that  all   included  are  of  some  significance. 

While  the  bibliography  covers  intensively 
the  years  1939-49,  a  limited  number  of  sig- 
nificant references  from  earlier  years  are 
also  included,  as  are  available  items  pub- 
lished in  the  first  four  months  of  1950. 


Now  available  is  the  Bureau  of  Public 
Roads'  Highway  Statistics,  19',9,  the  fifth 
of  the  bulletin  series  presenting  annual 
statistical  and  analytical  tables  of  general 
interest  on  the  subjects  of  motor  fuel, 
motor   vehicles,   highway-user   taxation,   fi- 


HIGHWAY  STATISTICS,  1949 

nancing  of  State  highways,  and  highway 
mileage.  Included  for  the  first  time  in  the 
annual  publication  is  information  concern- 
ing the  financing  of  highways  by  county 
and  local  rural  governments. 

Highway  Statistics,  19//9  is   for  sale  by 


the  Superintendent  of  Documents,  U.  S. 
Government  Printing-  Office,  Washington  25, 
D.  C,  at  55  cents  a  copy.  The  full  series  of 
the  annual  bulletins  are  available  from  the 
Superintendent  of  Documents,  as  indicated 
on  the  inside  back  cover  of  Public  Roads. 


PUBLIC  ROADS  •  Vol.  26,  No.  7 


147 


Methods  for  the  Determination 
of  Soft  Pieces  in  Aggregate 

BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 

Reported  by  D.  O.  WOOLF,   Senior  Materials  Engineer 


The  classification  of  materials  in  aggregates  as  "soft  pieces,,  is  subject  to  wide 
variation  and  loose  definition.  Materials  classed  as  soft  pieces  in  various  State 
specifications  also  include  those  tvhich  more  properly  should  be  defined  as  un- 
sound, light-weight,  brittle,  friable,  highly  absorbent,  or  combinations  of  these. 
As  pointed  out  in  this  article,  specifications  for  aggregates  should  define  and  limit 
soft  pieces  as  such,  and  the  presence  of  other  deleterious  substances  should  be 
separately  restricted. 

The  study  reported  here  included  an  examination  of  existing  methods,  and 
an  attempt  to  develop  new  ones,  for  the  determination  of  the  presence  and  pro- 
portion of  soft  pieces  in  aggregate.  All  commonly  known  test  methods,  and  many 
specially  devised  ones,  were  studied.  It  was  concluded  that  the  only  method  suit- 
able for  both  field  and  laboratory  use  is  the  scratch  hardness  test  using  a  hard, 
yellow  brass  scribe.  For  convenience,  a  wooden  pencil  with  a  brass  core  is 
suggested . 


IN  1941  the  Bureau  of  Public  Roads 
undertook  an  investigation  of  methods 
of  testing  coarse  aggregates  to  determine 
the  content  of  soft  pieces,  at  the  request  of 
Subcommittee  IX  of  Committee  C-9  of  the 
American  Society  for  Testing  Materials. 
It  was  hoped  that  the  results  of  this  inves- 
tigation would  direct  attention  toward  the 
development  of  a  new  method  of  testing 
aggregates  for  soft  pieces,  or  identify  exist- 
ing methods  which  would  be  suitable  for 
this  purpose. 

This  paper  describes  the  test  methods  em- 
ployed and  gives  typical  test  values  which 
were  obtained.  With  each  description  of  a 
method  of  test  are  presented  the  conclu- 
sions obtained  from  the  test  data:  Whether 
the  method  appears  to  be  useful,  and  the 
difficulties  encountered  in  its  performance. 
Throughout  the  investigation,  efforts  were 
made  to  develop  a  method  which  would  be 
suitable  for  use  in  the  field.  It  is  thought 
that  this  determination — the  detection  of 
the  amount  of  soft  pieces  in  aggregates — 
is  properly  a  duty  of  the  inspector  in  the 
field.  Any  method  which  the  inspector  can 
use  can  also  be  performed  in  the  laboratory ; 
consequently,  the  program  of  the  investiga- 
tion was  planned  with  consideration  of  field 
use  as  a  primary  requisite.  In  some  of  the 
methods  employed,  apparatus  suitable  only 
for  use  in  the  laboratory  was  used.     In  most 


of  these  cases,  however,  plans  were  prepared 
for  the  construction  of  equipment  sufficiently 
portable  to  permit  its  installation  at  aggre- 
gate plants. 

Conclusions 

The  tests  reported  were  made  in  an  at- 
tempt to  develop  a  rational  method  of  test- 
ing aggregates  for  soft-piece  content.  Al- 
though most  tests  used  standard  or  readily 
procurable  apparatus,  some  rather  fanciful 
or  weird  contraptions  were  designed  or  ac- 
tually constructed  for  this  purpose.  On  the 
whole,  a  thorough  study  has  been  made  of 
all  different  methods  of  test  which  could  be 
expected  to  give  information  of  value. 

Of  all  methods  tried,  the  only  one  con- 
sidered suitable  for  both  laboratory  and 
field  use  is  the  scratch  hardness  test  using 
a  hard,  yellow  brass  scribe.  For  conven- 
ience, a  pencil  with  a  brass  core  is  suggested. 


Figure   1. — Toughness    test    for    gravel,    using 
the  2Y2-inch  ball. 


Classification  of  Materials 

Prior  to  starting  this  investigation  of 
methods  of  test,  an  attempt  was  made  to 
determine  the  character  of  the  materials 
which  the  various  highway  authorities  clas- 
sify as  soft  pieces.  The  State  highway  de- 
partments were  requested  to  submit  samples 
of  such  soft  pieces  as  are  encountered  in 
each  State,  and  to  furnish  information  re- 
lating to  their  particular  conditions  insofar 
as  this  problem  is  concerned.  The  informa- 
tion requested  was  as  follows: 

1.  Names  of  the  different  materials  which 
may  be  classified  as  soft  pieces. 

2.  Names  of  such  materials  found  gen- 
erally throughout  the  State  or  in  large  areas 
of  the  State. 

3.  Amount  of  soft  pieces  permitted  in 
specifications  for  pavement  surface  courses. 

4.  Method  of  test  or  identification  used 
by  laboratory  operators  or  field  inspectors. 

5.  Names  of  the  materials  occurring  nat- 
urally which  are  considered  to  be  objection- 
able for  surface  courses  but  which  are  not 
included  in  the  class  of  soft  pieces. 

Replies  were  received  from  practically  all 
of  the  State  highway  departments.  Many 
were  in  sufficient  detail,  but  a  few  were  ex- 
pressed in  generalities,   or  in  terms  which 


Attention  is  called  to  the  rather  frequent       appear    to    be    of   local    usage    only.      From 

the  information  received,  table  1  reports  a 
list  of  materials  which  are  classed  as  "soft 
pieces,"  the  number  of  States  which  classify 
these  materials  as  soft,  and  the  number  of 
States  which  report  the  materials  to  be 
widely  distributed. 

At  first  glance,  many  of  the  materials 
listed  in  table  1  anpear  to  be  included  in 
the  designation   of  soft  pieces  by  mistake. 


practice,  in  writing  specifications  for  aggre- 
gates, of  using  the  soft-piece  classification 
as  a  catch-all  for  many  different  types  of 
deleterious  substances.  If  it  is  desired  to 
limit  types  of  deleterious  substances  other 
than  soft  pieces,  these  other  types  should  be 
mentioned  specifically  and  separately,  in  the 
specifications,  from  pieces  which  are  merely 
soft. 
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For  example,  granite  is  placed  in  the  classi- 
fication of  soft  pieces  by  two  States,  al- 
though the  word  "granite"  usually  conveys 
the  impression  of  a  hard  and  enduring 
stone.  A  number  of  other  apparent  incon- 
sistencies exists.  However,  some  interpre- 
tation of  these  classifications  is  probably 
permissible. 

There  is  little  doubt  that  the  inclusion  of 
granite  in  a  classification  of  soft  pieces  is 
meant  to  refer  to  material  of  a  granitic 
nature  which  has  weathered  to  such  an  ex- 
tent that  the  component  crystals  are  soft 
or  poorly  bonded  to  each  other.  Similar  in- 
terpretations can  be  made  of  a  number  of 
the  materials  included  in  table  1  and,  in 
general,  most  of  the  materials  mentioned 
can  be  placed  in  one  or  more  of  the  follow- 
ing types: 

1.  Soft. 

2.  Unsound. 

3.  Light  weight. 

4.  Brittle. 

5.  Friable. 

6.  Highly  absorbent. 

Some  materials  may  be  both  soft  and 
friable,  or  soft  and  brittle,  or  different  sam- 
ples of  the  same  material  may  be  placed 
properly  in  separate  groups.  Consequently, 
without  reference  to  actual  samples,  a 
proper  grouping  of  materials  by  name  alone 
is  probably  not  feasible.  Certain  materials 
mentioned  in  table  1,  such  as  brownstone, 
micaceous  granite,  and  limonite,  are  not 
identified  definitely  by  the  names  given,  al- 
though use  of  such  terms  may  be  justified 
in  a  limited  area  where  the  persons  con- 
cerned would  have  an  understanding  of  their 
application.  However,  as  these  terms  may 
not  be  widely  used  to  describe  materials  of 
definite  physical  characteristics,  some 
thought  could  be  given  toward  the  use  of 
more  descriptive  names,  or  to  the  establish- 
ment and  use  of  a  systematized  glossary  of 
terms  relating  to  the  materials  under 
consideration. 

Materials  classed  as  deleterious  but  not 
considered  as  soft  pieces  by  the  reporting 
authority  are  listed  below: 

Alkaline  reactive      Mica 


Table  1. — List  of  materials  classed  as  soft  pieces  and  number  of  States  giving  this 
classification  or  having  material  widely  distributed 


Amphibolite 
Chert 

Chert,  opaline 
Chert,  unsound 
Clay  lumps 
Coal 

Coated  material 
Dolomite,  some 
Flint 

Glassy  rock 
Gneiss,  soft 
Granite 
Granite,  soft 
Granite,  some 
Gravel,  a  quartz 
Hydrophilic  rock 
Limestone,    argil- 
laceous 
Limestone,   sili- 
ceous 


Mud  balls 

Obsidian 

Ochre 

Pyrite  in  rock 

Quartzite 

Sandstone,  hard  ab- 
sorbent 

Sandstone,  soft 

Shale 

Shale,  hard 

Shale,  opaline  cherty 

Shale,  soft 

Shale,  some 

Shell 

Slate 

Sulphates-sulphides, 
iron,  in  rock 

Thin    or    elong- 
ated pieces 

Unsound  pieces 


Material 

Number  of  States — 

Material 

Number  of  States — 

Classify- 
ing as  soft 

Reporting 

wide 
distribu- 
tion 

Classify- 
ing as  soft 

Reporting 

wide 
distribu- 
tion 

Basalt,  disintegrated 

1 
1 
1 
2 
1 
2 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
4 
1 
3 
2 
1 
1 

2 
2 
1 
1 

1 

1 
0 
1 
0 

1 

0 

1 
1 

0 

1 

1 
1 

0 

1 

0 

1 
1 
1 
1 

3 

1 
3 
1 
1 
1 
1 
1 
1 
0 

Limestone,  soft 
Limestone,  some  varieties 
Limestone,  weathered .  . 

3 

1 
4 
3 
1 
3 
1 
2 
2 
2 
1 
9 
1 
1 
1 
5 
5 
1 
1 
1 
2 
1 
1 
11 
1 
1 
1 
2 
1 
1 

1 
1 
3 
2 
1 
2 
1 
2 
1 
2 
1 
9 
1 
1 
0 
4 
3 
1 
0 
0 
2 
1 
1 
7 
1 
1 
1 
1 
0 
1 

Brownstone 

Caliche,  hard 

Chert 

Chert,  chalkv 

Clay  balls 

Marble. 

Clay,  iron  bearing.  .  . 
Coal 

Quartz,  sugar 
Quartz,  weathered.  .  . 

Concretion,  calcareous 
Conglomerate 

Rock,  weathered 
Rottenstone 

Dolomite,  weathered  and  porous 
Earth,  diatomaceous 

Feldspar 

Felsite 

Sandstone    

Sandstone,  argillaceous.  . 
Sandstone,  friable    . 
Sandstone,  friable  arkosic. 
Sandstone,  soft 

Floaters     . 

Gneiss 

Gneiss,  micaceous 

Gneiss,  weathered 

Granite 

Granite,  decomposed 

Schist,  some      .  . 
Schist,  micaceous 

Granite,  disintegrated 

Schist,  weathered. .  .  . 

Scoria 

Scoria,  certain  grades  of 
Shale 

Granite,  weathered 

Gravel,  cemented 

Gravel,  magnesia 

Iron  clay  balls 

Iron  oxide 

Limestone,  argillaceous 

Limestone,  porous ...    . 
Limestone,  shellv 

Shale,  clay 

Shale,  diatomaceous 

Shale,  disintegrated. .  .  . 
Shell 

Soapstone 

Volcanic  rock,  coarse 

It  is  interesting  to  note,  in  this  list  of 
37  items,  that  17  are  placed  in  the  category 
of  soft  pieces  by  other  States.  This  illus- 
trates one  of  the  difficulties  encountered  in 
attempting  to  coordinate  requirements  or 
tests  for  soft  pieces  in  aggregate.  Unless 
there  can  be  some  agreement  as  to  what 
constitutes  a  soft  piece,  work  along  the  pro- 
posed line  may  not  be  of  suitable  value. 

Table  2  presents  a  compilation  of  the 
various  State  specifications  for  limitation  of 
soft  pieces.  Most  specifications  limit  the 
content  of  soft  pieces  of  aggregate  to  5  per- 
cent or  less.  In  a  few  cases,  limits  for  spe- 
cific types  of  soft  particles  are  given,  but 
usually  the  specifications  fail  to  identify  the 
materials  covered  by  the  requirement. 

Test   Methods   Reported   by  States 

The  following  methods  of  test  to  deter- 
mine the  content  of  soft  pieces  of  aggregate 
were  reported  by  the  States : 

Number  of 
States 

Los  Angeles  abrasion  test 10 

Breakage  test  under  roller 1 

Visual   inspection 14 

Scratch     test 4 

Hand  hammer  or  compression  test.  .  4 

Douglass    stone    meter 2 

Specific    gravity 2 

Solubility    in    acid 1 

Sulfate  soundness  test 2 

Absorption    test 1 

Flotation  by  heavy  liquid 1 

Gravel   impact  test 1 

Deval    abrasion    test 1 

The  methods  most  commonly  used  are  vis- 
ual inspection,  the  Los  Angeles  abrasion 
test,  the  scratch  test,  and  a  test  by  use  of 
a  hand  hammer  or  compression  machine. 
These  and  the  other  tests  listed  are  of  two 
types — a  test  in  which  the  individual  par- 


ticles are  examined  separately,  and  a  test  in 
which  the  effect  of  soft  pieces  on  a  charac- 
teristic of  the  entire  material  is  determined. 
It  should  be  noted  that,  with  the  exception  of 
the  requirement  involving  the  use  of  the 
sodium-sulfate  test,  all  of  the  specification 
Requirements  shown  in  table  2  necessitate 
the  use  of  the  first  type  of  test  and,  in  the 
one  exception,  this  type  of  test  is  used  in 
part.  Consequently,  there  appears  to  be  a 
strong  opinion  to  the  effect  that  determina- 
tions of  the  content  of  soft  pieces  should  be 
based  on  actual  count  or  weight  of  particles 
rather  than  through  the  use  of  an  indirect 
method  involving  some  characteristic  per- 
taining to  the  whole  sample. 

A  number  of  the  States  report  the  use  of 
certain  methods  of  test — the  Los  Angeles 
abrasion  test  for  example — for  determining 

Table  2. — State  specification  limitations 
for  soft  pieces 


Item 


Soft  pieces 
Do 

Do   

Do 
Do 

Soft   pieces,    bituminous   aggre- 
gate   

Soft  pieces,  concrete  aggregate 
Do 

/Concrete  aggregate. 
«  ..  -  )  Cover  material .... 
Soft  P,eces<  Oil  mix  material 

{.Stabilized  material 

)Clay  lumps 
Shale 
Sp.  gr.  less  than  1.95 

Total  shale,  coal,  clay  lumps,  and 

soft  fragments 

If  loss  in  NaaS04  test  is  less 
than   2    percent,   soft   shale 

may  not  exceed 

If  loss  is  2.0  percent  or  greater, 
soft  shale  is  limited  to 


Specifi- 
cation 
limit 


Percent 

2 

3 

5 

10 

Free 

from 

excess. 

1 

2 

3 

fi 

7 

12 

20 

0.5 

2.0 

2.0 


10 
6 


Num- 
ber  of 

State 
specifi- 
cations 
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the  presence  of  soft  pieces  in  aggregate,  but 
fail  to  include  numerical  values  in  their  re- 
ported limitation  requirements  for  soft 
pieces  which  are  applicable  to  these  meth- 
ods. Although  the  reporting  authorities 
may  consider  the  methods  mentioned  to  be 
suitable  for  use,  it  is  probable  that  lack  of 
sufficient  test  data  has  so  far  prevented  the 
establishment  of  specification  requirements. 

Eighty-four  samples  of  aggregates  were 
submitted  by  the  States  in  response  to  the 
request  for  typical  samples  of  material  com- 
posed of  soft  pieces.  In  a  number  of  cases 
the  samples  were  confined,  as  requested,  to 
a  given  type  of  material.  However,  many 
samples  were  found  to  be  composed  of  a 
number  of  kinds  of  material  differing  as 
greatly  as  limestone  and  gneiss.  It  is  pos- 
sible that  the  request  for  samples  composed 
wholly  of  soft  pieces  was  misunderstood, 
and  that  some  samples  were  submitted  which 
contained  a  small  amount  of  soft  pieces  as 
it  naturally  occurred  in  these  materials. 

From  the  number  of  varieties  of  ma- 
terials submitted  as  representing  soft  pieces, 
it  is  apparent  that  there  is  no  concordance 
of  opinion  as  to  the  kind  of  material  which 
should  be  thus  described.  It  is  further  ap- 
parent that  the  term  "soft  pieces"  is  used 
as  a  catch-all  description  of  a  number  of 
different  types  of  possibly  undesirable  ma- 
terial in  aggregates.  Prior  to  spending 
much  time  in  testing  materials,  it  was  real- 
ized that  some  rational  conception  must  be 
formed  of  the  type  of  material  to  be  identi- 
fied by  the  test  procedure.  Choice  must  be 
made  between  the  application  of  the  term 
"soft  pieces"  to  pieces  of  aggregate  which 
are  actually  soft,  or  the  application  of  the 
same  term  to  pieces  of  a  wide  variety  of 
characteristics.  Although  the  latter  may 
be  undesirable  for  use  in  construction,  this 
is  their  only  common  feature.  As  shown  in 
the  samples  submitted,  these  pieces  may  be 
hard  or  soft,  tough  or  brittle,  sound  or  un- 
sound; in  fact,  they  include  the  whole  gamut 
of  physical  properties  of  aggregates.  To 
this  question  of  choice,  there  can  be  but  one 
answer:  If  these  tests  are  to  identify  soft 
pieces,  the  only  problem  to  be  considered  is 
whether  the  piece  under  test  is  hard  or  soft. 
During  the  course  of  this  investigation,  tests 
foreign  to  a  strict  hard-or-soft  determina- 
tion were  made.  In  these  tests  it  was  hoped 
that  some  correlation  between  the  hardness 
of  the  particle  and  some  other  characteris- 

Tablc  3. — Use  of  the  absorption  test  for  th 


tic  of  interest  could  be  established.  As  a 
general  rule,  the  results  were  rather  dis- 
appointing. Although  in  some  cases,  with 
selected  samples,  definite  correlations  were 
found  between  the  hardness  and  some  other 
characteristic  of  a  material,  when  a  wider 
variety  of  samples  was  considered  the  agree- 
ment between  the  two  characteristics  ap- 
peared to  be  largely  a  matter  of  chance. 

Classification   of   Test   Methods 

The  tests  made  in  this  investigation  may 
be  grouped  in  the  following  classifications: 

1.  Visual  inspection. 

2.  Scratch  hardness. 

3.  Specific  gravity  and  absorption. 

4.  Resistance  to  impact. 

5.  Resistance  to  abrasion. 

6.  Resistance  to  static  loads. 

7.  Soundness. 

In  some  cases,  the  tests  were  made  on  the 
material  as  received;  that  is,  without  pre- 
liminary separation  into  individual  sizes. 
In  most  tests,  however,  the  size  of  the  piece 
affected  the  test  result  to  a  marked  extent, 
and  it  was  necessary  to  sieve  the  test  sample 
into  separate  sizes.  The  sizes  generally 
used  were  2-  to  1%-inch,  IV2-  to  1-inch,  1- 
to  %-inch,  and  %-  to  %-inch.  Pieces 
smaller  than  %-inch  were  found  to  be  diffi- 
cult to  test  by  some  methods,  and  it  was 
thought  that  it  would  be  sufficient,  for  the 
present  at  least,  to  study  methods  of  testing 
the  larger  pieces  only. 

In  the  first  series  of  tests  made  on  the  84 
samples  submitted  by  the  State  highway  de- 
partments, the  samples  were  separated  into 
three  groups  with  respect  to  hardness  of  the 
material :  Soft,  hard,  and  borderline.  This 
was  done  by  a  combination  of  visual  inspec- 
tion and  the  use  of  a  scratch  test  employing 
a  steel  knife.  It  was  realized  that  these 
methods  are  not  dependable  for  separating 
any  and  all  materials  into  hard  and  soft 
classifications.  However,  they  can  be  used 
to  separate  unquestionably  soft  material 
from  unquestionably  hard  material.  The 
materials  that  were  found  to  be*  neither 
hard  nor  soft  were  classified  as  borderline 
materials  and  excluded  from   further  tests. 

Visual  inspection  of  aggregates  for  the 
presence  of  soft  pieces  is  associated  with 
what  might  be  called  the  luster  or  appear- 
ance by   reflected  light,    and   the   degree   of 

e  identification  of  hard  and  soft  materials 


Item 


Soft  Material: 

Number  of  samples 

Absorption: 

Minimum percent 

Maximum.  do.  . 

Average do. 

Hard  Material: 

Number  of  samples  

Absorption: 
Minimum.  .  percent 

Maximum  do. 

Average  .    do . 


Size  of  pieces 


2-  to  lj^-inch 


1.4 
11.1 
4.7 


1U-  to  1-inch 


2.6 
30.1 

12.8 


22 


0. 

11. 

2. 


1-  to   J4 -inch 


31 

3.2 
29.0 
14.4 


22 

0.6 
11.3 

3.0 


to  )A  -inch 


20 

4.3 
30.9 
18.2 


10 

1.0 
11.0 
3.3 


bonding.  Pieces  of  aggregate  with  a  glassy 
or  stony  luster  are  usually  classed  as  hard; 
those  with  a  dull  or  earthy  appearance  are 
classed  as  soft.  Compact  materials  are 
usually  placed  in  the  hard  classification, 
while  those  which  have  a  loose  or  friable 
texture  are  considered  as  soft. 

Specific   Gravity   and   Absorption 

Tests  for  bulk  specific  gravity  were  made 
on  saturated  and  surface-dry  samples  using 
the  mason  jar  pyenometer.1  This  deter- 
mination does  not  appear  to  have  any  sig- 
nificance in  differentiating  between  hard 
and  soft  pieces.  Seven  samples  of  hard  ma- 
terials had  bulk  specific  gravities  varying 
from  1.62  to  2.55;  five  samples  of  soft  ma- 
terials varied  from  1.48  to  2.57;  eight  sam- 
ples classed  as  borderline  materials  varied 
from  2.11  to  2.59.  Since  there  is  so  much 
overlapping,  use  of  the  test  for  specific 
gravity  to  identify  hard  and  soft  pieces  does 
not  appear  feasible. 

The  absorption  test  was  made  by  im- 
mersing oven-dried  samples  in  water  for  a 
period  of  24  hours.  The  samples  were  then 
surface-dried  with  a  towel  and  weighed,  and 
the  absorption  expressed  as  a  percentage 
of  the  dry  weight.  A  summary  of  the  re- 
sults obtained  is  given  in  table  3.  In  this 
table,  as  in  others  to  follow,  each  size  of 
each  material  tested  is  treated  as  an  indi- 
vidual sample.  This  permits  comparisons 
between  the  two  types  of  material,  hard 
and  soft,  for  each  size  of  piece.  Although 
the  average  values  for  the  two  types  of  ma- 
terial differ  markedly,  there  is  some  over- 
lapping in  the  test  values.  In  the  1-  to  %- 
inch  size,  for  example,  one  sample  of  soft 
material  had  an  absorption  of  only  3.2  per- 
cent, whereas  a  sample  of  hard  material 
had  a  quite  high  absorption  of  11.3  percent. 
Because  of  this  overlapping,  it  is  not  pos- 
sible to  set  a  value  separating  hard  from 
soft  material  and  this  method  is  of  little 
use  for  the   identification  of  soft  particles. 

1m  pact   Tests 

A  number  of  different  types  of  impact 
tests  were  used  in  this  investigation.  The 
one  which  is  believed  to  have  the  most 
promise  is  the  test  for  the  toughness  of 
gravel.1'  As  shown  in  figure  1,  the  appa- 
ratus used  in  this  test  consists  essentially 
of  a  2 %-inch  steel  ball  mounted  on  a  steel 
block  to  serve  as  an  anvil,  and  another  steel 
ball  of  the  same  size  which  can  be  lifted  to 
a  maximum  height  of  7  inches  and  allowed 
to  fall  on  the  specimen  under  test.  During 
the  course  of  this  investigation,  certain  im- 
provements in  the  original  apparatus  were 
made  so  that  the  ball  could  be  dropped  the 
exact  distance  desired  with  but  one  meas- 
urement of  the  thickness  of  the  specimen 
under  test. 


1  Described  in  Principles  of  Highway  Construction 
as  Applied  to  Airports.  Flight  Strips,  and  other  Land- 
ing Areas  for  Aircraft,  Bureau  of  Public  Roads,  June 
1943.  p.  297. 

2  Method  T-fi-27,  Standard  Specifications  for  High- 
way Materials  and  Methods  of  Sampling  and  Testing, 
19,18;  American  Association  of  State  Highway  Officials, 
p.  152.  This  method  has  been  withdrawn  by  the  Asso- 
ciation. 
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In  making-  this  test,  the  specimen  was 
held  on  the  anvil  in  its  most  stable  position, 
usually  with  the  least  dimension  vertical, 
and  the  movable  ball  dropped  on  the  speci- 
men from  a  height  of  1  inch.  The  height 
of  fall  was  increased  1  inch  after  each  blow 
until  the  specimen  failed  or  until  it  with- 
stood a  drop  of  7  inches.  Under  normal  con- 
ditions, a  test  sample  containing  50  to  100 
pieces  of  the  same  sieve  size  was  used.  An 
empirical  value  for  each  sample  was  ob- 
tained by  multiplying  the  number  of  pieces 
which  failed  by  the  square  of  the  drop,  in 
inches,  at  which  they  failed,  and  dividing 
the  sum  of  these  values  by  the  total  number 
of  pieces  tested.  For  the  purpose  of  this 
computation,  pieces  which  did  not  fail  at  a 
drop  of  7  inches  were  assumed  to  fail  at  a 
drop  of  10  inches.  This  value,  called  the 
toughness  factor,  can  vary  from  a  minimum 
of  1  to  a  maximum  of  100. 

The  results  of  these  tests  are  shown  in 
table  4.  Although  higher  toughness  factors 
were  found  for  the  hard  materials  than  the 
soft,  there  is  a  considerable  amount  of  over- 
lapping of  the  two  sets  of  values.  It  is 
apparent  that  the  toughness  test  for  gravel 
does  not  separate  hard  from  soft  material. 
After  a  review  of  the  detailed  records  of 
this  test,  it  appears  that  the  falling  ball  is 
much  too  heavy  to  separate  soft  pieces  from 
hard  but  brittle  pieces.  Furthermore,  when 
the  brittle  piece  fails,  the  fracture  is  ap- 
parent, but  many  pieces  of  soft  material 
may  fail  without  the  break  being  seen  from 
above  as  the  operator  would  normally  view 
the  specimen.  This  results  in  the  soft  piece 
being  given  a  higher  rating  than  it  should 
have,  thereby  decreasing  the  value  of  the 
test. 

In  an  attempt  to  correct  these  difficulties, 
another  toughness  apparatus  was  made 
using  a  steel  ball  of  1  %-inch  diameter.  For 
certain  sizes  of  particles,  the  1  %-inch  ball 
was  found  to  furnish  more  indicative  test 


Table  4. — Use  of  the  toughness  test  (2%-inch  ball)  for  the  identification  of 

hard  and  soft  materials 


Item 

Size  of 

pieces 

2-  to  lj^-inch 

\Vi-  to  1-inch 

1-  to   %  -inch 

%-  to  H-inch 

Soft  Material 

3 

18.0 
59.0 
41.6 

7 

5.0 
79.0 
42.3 

28 

2.7 
46.2 
20.5 

23 

4.5 
67.2 
29.8 

29 

2.0 
16.9 

7.9 

23 

2.9 
32.3 

11.4 

20 

1.0 

5.7 
2.5 

10 

1.1 

10.3 

3.8 

Toughness  factor: 

Maximum 

Average 

Hard  Material 

Toughness  factor: 

Maximum 

Average. 

results  than  the  2V2-inch  ball,  but  the  con- 
clusion was  reached  that  to  test  aggregate 
of  a  complete  range  in  size  from  2-  or  2%- 
inch  to  %-inch,  at  least  three  toughness 
testers  of  different  sizes  should  be  used,  and 
each  size  used  to  test  material  of  a  definite 
and  narrow  range  in  sieve  sizes.  As  time 
to  develop  these  testers  and  correlate  the 
test  results  of  each  was  not  available,  fur- 
ther consideration  of  the  use  of  this  type 
of  apparatus  was  deferred. 

Rotary  Soft  Stone  Machine 

Another  type  of  impact  test  tried  involves 
the  use  of  the  rotary  soft  stone  machine 
shown  in  figure  2.  This  machine  consists 
essentially  of  a  cast-iron  disk  revolving  in 
a  horizontal  plane  inside  a  vertical  steel 
drum  made  of  %-inch  steel  plate.  The  disk 
is  29  inches  in  diameter  and  the  drum  has 
an  inside  diameter  of  33%  inches.  Ribs  on 
the  upper  surface  of  the  disk  form  pockets 
to  catch  the  material  fed  on  the  disk  through 
a  sheet-metal  cone,  and  to  throw  these  pieces 
against  the  steel  drum.  Another  cone  below 
the  disk  serves  to  collect  the  sample  and 
lead  it  to  a  pan  in  which  the  tested  material 
can  be  inspected.  The  disk  is  powered  by 
a  variable-speed  motor  and  can  be  operated 
at  speeds  from  110  to  200  r.p.m.  In  these 
tests,  the  fastest  speed  was  used.  The  test 
was  conducted  on  individual  sizes  of  aggre- 
gate. The  weight  of  the  test  sample  was 
determined,  and  the  pieces  passed  singly 
through  the  machine.  After  all  pieces  had 
been  tested,  the  sample  was  sieved  on  the 
original  retaining  sieve,  and  the  weight  of 
material  passing  this  sieve  expressed  as  a 


percentage    of    the    original    weight    of    the 
sample. 

The  results  obtained  with  the  rotary  ma- 
chine are  given  in  table  5.  These  results 
indicate  the  same  conditions  as  were  found 
for  the  falling-ball  apparatus.  Hard  but 
brittle  material  as  well  as  soft  material  is 
readily  broken  in  the  rotary  machine,  and 
it  does  not  appear  possible  to  separate 
truly  soft  pieces  from  others  with  this  type 
of  test. 

Hand-Hammer  Tests 

Several  other  types  of  impact  tests  were 
tried.  In  former  years,  a  hammer  test  was 
occasionally  used  to  identify  soft  pieces.  Al- 
though the  application  of  a  hand  hammer 
involves  a  number  of  intangible  conditions, 
it  was  believed  desirable  to  include  this  test 
in  the  investigation.  The  hammers  used 
varied  from  a  2-ounce  tile-setter's  hammer 
to  a  stone-mason's  hammer  with  a  2-pound 
head,  as  shown  in  figure  3.  Several  dif- 
ferent types  of  technique  were  used.  In 
one,  the  hammer  was  allowed  to  drop  with- 
out bending  of  the  wrist;  in  another,  the 
hammer  was  swung  by  movement  of  the 
wrist  only;  in  a  third,  the  end  of  the  ham- 
mer handle  was  placed  on  the  table  and  the 
hammer  head  allowed  to  fall  through  an  arc 
of  about  8  inches.  The  tile-setter's  hammer 
has  one  flat  and  one  sharply  beveled  end. 
With  this  hammer,  one  method  included  a 
free  swing  of  the  arm,  with  the  flat  face 
striking  the  piece  under  test.  In  another 
application  of  the  same  small  hammer,  the 
beveled  end  was  used  to  peck  at  the  test 
specimen  to  determine  whether  or  not  the 
material   could  be  flecked  away  or  cut  by- 


Table  5. — Use  of  the  rotary  soft-stone  machine  for  the  identification  of  hard 

and  soft  materials 


Item 


Figure  2. — The  rotary  soft-stone  machine. 


Soft  Material 

Number  of  samples 

Loss: 

Minimum.  ■  ••    percent 

Maximum do .  . 

Average.  .  do. 

Hard  Material 

Number  of  samples. 

Loss: 

Minimum. ...  percent 

Maximum j° 

Average do .  .  . 


Size  of  pieces 


2-  to  lj^-inch     1J^-  to  1-inch      1-  to   %-inch      %-  to  J^-inch 


13.5 
22.0 
19.0 


1.0 
24.0 
15.9 


25 

2.5 
29.9 
11.2 


2.0 
19.5 
10.3 


28 

2.5 
21.4 
10.  1 


2.5 

32.0 

9.9 


1.4 

20.8 
9  6 


1.4 
34.2 
11.6 
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Figure  3. — Hammers  and  scribes  used  in 
so/l  piece  test.  Left  to  right:  2-pound 
stone-mason'' s  hammer,  1-pound  tinners 
hammer,  8-ounce  tinner's  hammer. 
2-Ounce  tile-setter's  hammer,  brass 
scratch  pencil,  knife,  and  rubber  mallet. 

light  taps.  Consideration  was  also  given 
to  the  type  of  failure  of  a  specimen  under 
blows  of  a  reasonably  heavy  hammer.  It 
was  thought  that  if  the  material  were  soft 
it  would  crush  under  the  hammer,  produc- 
ing a  large  amount  of  powder  with  rela- 
tively few  large  fragments;  hard  material, 
on  the  other  hand,  would  break  to  sharp- 
edged  fragments  with  relatively  little  pow- 
dering. Of  all  these  hand-hammer  tests, 
none  gave  satisfactory  results,  and  this  type 
of   test   was    discontinued. 

Consideration  was  then  given  to  an  im- 
pact test  using  as  the  striker  an  article 
which  would  deform  around  the  piece  under 
test  but  still  transmit  stress  to  it.  The 
articles  considered  for  this  application  were 
a  device  known  in  some  circles  as  a  black- 
jack, and  a  mallet  with  a  rubber  head  such 
as  is  used  in  removing-  dents  from  automo- 
bile bodies.  A  blackjack  having  a  leather 
case  filled  with  lead  shot  was  tried,  but 
after  a  few  tests  the  leather  broke  and  fur- 
ther consideration  of  this  was  discontinued. 
For  a  few  very  soft  materials,  the  rubber 
mallet  gave  satisfactory  results,  but  mod- 
erately soft  materials  of  1-inch  size  or 
larger  could  not  be  crushed  with  the  mal- 
let.    This  test  was  also  discontinued. 

Compression   Tests 

The  suitability  of  a  compression  test  to 
identify  soft  pieces  was  tried.  A  small  ap- 
paratus known  as  the  Douglass  stone 
meter  :'  has  been  used  for  such  a  test,  but 
the  maximum  load  specified  is  only  75 
pounds  and  this  load  will  crush  only  the 
weakest  specimens.  This  apparatus  is 
shown  in  figure  4.  The  use  of  a  hydraulic 
compression  testing  machine  was  then  pro- 
posed. In  the  method  considered,  an  at- 
tempt was  made  to  apply  load  to  the  par- 
ticle through  V2-inch  steel  balls.  For  pieces 
of  irregular  shape,  this  was  very  difficult 
to  perform,  and  flat-faced  steel  cylinders  of 
%-inch  diameter  were  substituted  for  the 
balls.  The  pieces  under  test  were  ground 
on  a  lap  to  secure  bearing  faces,  and  were 
tested  with  the  least  dimension  in  a  verti- 


cal position.  Load  was  applied  at  a  slow 
but  predetermined  rate  and  failure  deter- 
mined to  the  nearest  10  pounds.  Each 
sample  tested  contained  from  20  to  100 
pieces. 

The  results  obtained  are  given  in  table 
6.  It  will  be  observed  that  no  well-defined 
separation  between  hard  and  soft  materials 
is  obtained.  Study  of  the  pieces  under  load 
revealed  one  interesting  feature.  In  test- 
ing one  material — a  shale  which  occurs  in 
rather  thin  pieces — it  was  noticed  that  the 
portion  of  the  piece  not  in  contact  with  the 
loading  cylinders  fell  away  at  a  relatively 
low  load,  but  the  material  between  the  load- 
ing cylinders  became  more  compact  as  the 
loading  continued.  In  one  case,  this  ma- 
terial was  loaded  to  35,000  pounds  or  al- 
most 180,000  pounds  per  square  inch.  It  is 
apparent  that  this  type  of  loading  is  unsuit- 
able for  thin  specimens  of  soft  material  and 
that  the  test  does  not  separate  hard  from 
soft  material. 

Freezing  and   Thawing   Test 

The  freezing-  and  thawing  test  was  used 
to  determine  whether  any  relationship  could 
be  established  between  the  results  of  this 
test  and  the  hardness  of  the  materials  con- 
sidered. The  samples  were  immersed  in 
water  for  24  hours  prior  to  freezing,  frozen 
at  about  15°  F.  in  water,  and  thawed  at 
about  80°  F.  A  24-hour  cycle  was  used. 
After  10  cycles  of  the  test,  the  samples  were 
examined.  With  only  a  few  exceptions,  this 
short  test  failed  to  differentiate  between 
hard  and  soft  materials.  The  test  was  then 
resumed  for  another  10  cycles.  After  the 
twentieth    cycle,    the    samples    were    dried, 


Figure  4. — Douglass  stone  meter  in  use.  To 
the  right  are  the  toughness  tnachines 
with  the  l's-inch  and  2%-inch  balls. 

sieved  on  a  sieve  with  openings  having 
linear  dimensions  one-half  the  size  of  those 
in  the  original  retaining  sieve,  and  the 
material  passing  the  sieve  expressed  as  a 
percentage  of  the  weight  of  the  original 
sample.  The  half-size  sieves  were  used 
rather  than  the  original  sieves  to  prevent 
the  inclusion,  in  the  loss,  of  those  pieces 
which  might  pass  the  original  retaining 
sieve  due  only  to  minor  flaking  or  chipping. 
Results  of  these  tests  are  given  in  table  7. 


Table  6. — Use  of  the  compression  machine  for  identification  of  hard  and  soft  materials 
(load  applied  through  flat  faces  of  y»-inch  diameter ) 


Itf  m 

Size  of 

pieces 

2-  to  li 2-inch 

1J4-  to  1-inch 

1-  to   %-inch 

%-  to  ^2-inch 

Soft  Material 

1 

9 

20 

8 

Compressive  strength : 

Minimum     

N> 

1 .  1 30 

540 

120 

120 

Maximum 

.1.. 

2,910 

2 ,  970 

2.770 

3 ,  530 

Average   

,1,, 

1,840 

1,270 

860 

1,010 

Hard  Material 

0 

10 

13 

3 

Compressive  strength: 

Hi 

500 
3.400 
1.890 

860 
2.950 
1  .  830 

690 
3.250 
1.750 

480 

1.290 

860 

do 

Average 

do 

Table  7. — Use  of  freezing  and  thawing  (20  cycles)  for  identification  of 
hard  and  soft  material 


"  Douglass  stone  meter  described  in  Method  T-8-24, 
Standard  Specifications  for  Highway  Materials  and 
Methods  of  Sampling  ami.  Testing,  1918;  American 
Association  of  State  Highway  Officials,  p.  154.  This 
method   has   been   withdrawn   by  the  Association. 


Item 


Soft  Material 

Number  of  samples 

Loss  passing  J^-size  sieve: 

Minimum percen.1 

Maximum do 

Average do 

Hard  Material 

Number  of  samples 

Loss  passing  J^-size  sieve: 

Minimum        percent 

Maximum do 

Average do    . 


Size  of  pieces 


2-  to  lj^-inch 


9.2 


31.6 
11.8 


to  1-inch 


12 

3.1 
92.8 
26.1 


0.6 

18.2 
5.0 


1-  to   %-ineh      %-  to  }^-inch 


21 

5.0 
93 . 0 
42.5 


0.4 
51.4 
11.4 


9.4 
92.2 

;,1    5 


5.4 
25.3 
13.1 
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Considerable  overlapping  of  test  results 
is  found,  but  the  average  values  are  sep- 
arated so  widely  that  they  indicate  some 
possibilities  in  the  use  of  this  method  for 
the  identification  of  hard  and  soft  aggre- 
gates. The  main  objections  to  this  test  are 
the  length  of  time  required  and  the  expense 
and  nonportability  of  the  apparatus.  The 
test  appears  to  be  of  some  value  for  use  in 
research  investigations,  but  it  hardly  seems 
suitable  for  a  routine  testing  procedure. 

Revision   of   the   Compression    Test 

Shortly  after  this  investigation  had  been 
started,  the  entry  of  the  United  States  into 
World  War  II  required  that  the  work  be 
discontinued.  Due  to  lack  of  storage  space, 
only  a  few  of  the  samples  originally  re- 
ceived were  kept  intact  and,  consequently, 
a  suitable  correlation  between  the  two  por- 
tions of  the  investigation  cannot  be  estab- 
lished without  repeating  a  large  amount  of 
work. 

When  the  investigation  was  resumed  in 
1945,  a  study  of  the  then  existing  data  indi- 
cated that  possibly  a  fair  trial  had  not  been 
given  to  the  compression  test.  In  the  pre- 
vious work,  plane  and  approximately  paral- 
lel faces  had  been  ground  on  each  piece 
tested,  and  the  pieces  loaded  between  flat- 
faced  cylinders  of  %-inch  diameter.  The 
labor  of  grinding  faces  on  50  to  100  pieces 
of  each  size  in  each  sample  tested  was  con- 
sidered objectionable,  and  some  means  of 
testing  pieces  of  any  shape  without  prelim- 
inary grinding  was  sought.  Trials  were 
made  of  a  number  of  different  types  of  load- 
ing devices.  After  considerable  work,  a 
loading  device  consisting  of  a  single-point 
upper  contact  and  a  three-point  lower  sup- 
port was  adopted.  As  shown  in  figure  5, 
the  upper  contact  consists  of  a  short  steel 
rod  of  ^-inch  diameter,  with  a  hemispheri- 
cal end,  which  is  fastened  to  the  spherical 
bearing  blo<"k  of  a  hydraulic  cube-testing 
machine.      The    lower    bearing    consists    of 


three  V2-inch  diameter  steel  balls  grouped 
together  so  that  their  surfaces  are  in  con- 
tact, and  welded  to  a  small  steel  base.  With 
this  loading  and  support  arrangement,  most 
pieces  of  both  regular  and  irregular  shape 
can  be  placed  in  a  stable  position  for  the 
test. 

To  obtain  values  for  use  in  identifying 
pieces  of  hard,  sound  aggregate,  several 
hundred  pieces  of  each  size  of  three  differ- 
ent materials  were  tested  and  the  breaking 
load  of  each  piece  determined.  From  the 
data  obtained,  the  following  loads  were  se- 
lected as  indicating  hard  materials: 

Size  of  piece,  Load, 

inches  pounds 

%    to    y2 200 

%   to  % 350 

%    to    1 500 

1  to  1  Vi 750 

iy2  to  2 1,100 

2  to  2Va 1,500 

Tests   of   Commercial   Gravels 

With  the  establishment  of  these  tentative 
acceptance  values  for  hard  material,  it  was 
believed  desirable  to  conduct  tests  on  a 
number  of  different  materials  to  determine 
whether  the  test  would  be  found  satisfac- 
tory. Only  a  few  of  the  materials  obtained 
in  1941  were  still  available,  and  these  had 
been  sampled  so  extensively  that  complete 
ranges  in  size  of  particle  could  not  be  ob- 
tained. To  obtain  samples  for  further 
tests,  the  National  Sand  and  Gravel  Asso- 
ciation was  requested  to  furnish  samples  of 
commercially  produced  gravels  which  would 
contain  some  soft  material.  To  the  sam- 
ples received  from  the  Association  were 
added  a  number  of  gravels  which  had  been 
submitted  to  the  laboratory  for  routine 
tests.  These  samples  were  tested  for  soft- 
piece  content  using  the  compression  test  de- 
scribed above,  the  20-cycle  freezing  and 
thawing  test,  and  the  Los  Angeles  abrasion 
test.     In  the  last  test,  determinations  of  the 


Table  8. — Soft-piece  tests  on  commercially  produced  grai^els 


Sample  No. 


67464. . 

67621... 

67622 

67628 . . 

67629. . . 

67680... 

67696 

67757. 

67858.. 

67909. . 

67910 

67954 . . 

68516.. 

68768.. 

68769  . 

68770  . 
68771 
68772 
68773 
68771 
6X775 
68776 
68777 
68778 
68779.. 
68780 .  . 


Los  Angeles  abrasion  test 


Loss  at  100 

Loss  at  500 

revolutions 

revolutions 

Percent 

Percent 

6.0 

28.1 

4.9 

24.2 

4.4 

22.7 

8.1 

32.6 

5.4 

27.3 

4.2 

23.4 

4.6 

23.8 

5.6 

23.6 

7.3 

26.4 

5.6 

23.3 

4.2 

25.0 

6.1 

27.8 

5.6 

26.5 

7.6 

30.7 

5.4 

26.3 

5.7 

27.1 

4.1 

21.3 

6.5 

29.0 

5.3 

26.6 

8.5 

32.9 

6.8 

30.8 

6.4 

31.8 

7.4 

32.4 

6.8 

29.6 

5.8 

25.5 

6.6 

30.3 

Compression 

Freezing 

test: 
Percentage  of 

and  thawing 

test:  Loss  after 

Ratio  of 

soft  material, 

20  cycles 

losses  ' 

by  weight 

Percent 

Percent 

Percent 

21.4 

27.4 

20.2 

10.4 

19  4 

10.3 

24.8 

9.1 

19  8 

9.3 

17.9 

6.8 

19.3 

7.5 

23.7 

12    1 

4.2 

27   7 

11.0 

24   0 

17.0 

16  8 

17.2 

21    9 

20.4 

21.1 

15.6 

11.2 

24.8 

24.5 

19.7 

20.5 

1 9 . 5 

6.5 

21.0 

21.3 

5.7 

19.2 

14.4 

7.6 

22.4 

26.2 

8.4 

19.9 

23 . 7 

3.8 

25.8 

33.1 

12.7 

22.1 

18.8 

8.9 

20.1 

38.9 

21  .3 

22.8 

29.8 

29.2 

23.0 

14.0 

4.1 

22.8 

23.7 

2.4 

21.8 

17.6 

9.5 

Ratio  of  loss  at  100  revolutions  to  loss  at  500  revolutions. 


Figure  5. — Com pression  test  for  soft  pieces, 
using  a  three-point  support  and  a  single- 
point  load-bearing  contact. 

percentage  of  wear  were  made  at  100  and 
500  revolutions  and  a  ratio  of  the  losses 
used  as  an  expression  of  the  amount  oi  soft 
material   in   the   sample. 

The  results  of  these  tests  are  given  in 
table  8.  Inspection  of  the  results  discloses 
immediately  that  there  is  little  agreement 
among  the  indications  of  the  three  methods 
of  test.  For  some  few  samples,  all  three 
methods  show  the  presence  of  appreciable 
amounts  of  soft  material.  In  most  cases, 
however,  the  three  methods  give  different 
results.  One  reason  for  nonuniformity 
among  the  three  methods  is  the  variance  of 
the  unit  of  failure  on  which  the  test  result 
depends.  In  the  compression  test,  the  pieces 
of  the  sample  are  tested  separately,  and  the 
whole  piece  is  discarded  if  it  fails  to  meet 
the  conditions  of  the  test.  In  the  Los  An- 
geles abrasion  test  and  in  the  freezing  and 
thawing  test,  it  is  entirely  possible  that  only 
a  portion  of  a  given  particle  may  be  in- 
cluded in  the  loss.  Consequently,  it  is  doubt- 
ful that  any  satisfactory  agreement  among 
different  methods  of  test  can  be  established 
unless  the  unit  of  failure  is  the  same  in 
each  case. 

Consideration  of  the  values  obtained  in 
the  compression  test  shown  in  table  8  indi- 
cates that  the  limits  set  for  the  identifica- 
t;on  of  hard  pieces  are  probably  too  severe. 
A  review  of  the  individual  test  results  for 
each  sample  shows  a  very  high  percentage 
of  failures  in  the  smaller  sizes  of  piece,  and 
also  an  excessive  percentage  of  failures  for 
pieces  which  tend  toward  a  flat  shape.  In 
this  test,  the  point  of  application  of  the 
load  is  normally  above  a  point  equidistant 
from  the  point  of  support  of  each  of  the 
three  balls  in  the  lower  bearing*.  With  thin 
or  flat  pieces,  this  could  result  in  flexure  of 
the  piece  under  test,  and  the  failure  would 
be  bv  bending  instead  of  by  compression. 
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Review  of  Methods   of   Test 

Late  in  1946,  several  new  methods  of 
testing  aggregates  for  content  of  soft  pieces 
were  suggested.  These  new  methods  in- 
cluded a  scratch  test  using  a  scribe  of  yel- 
low brass,  and  two  abrasion  tests.  In  one 
of  the  latter,  the  sample  was  placed  in  a 
canvas  bag  with  a  charge  of  steel  balls  and 
the  bag  dropped  on  or  swung  against  an 
anvil  a  given  number  of  times.  In  the  other 
abrasion  test,  the  sample  alone  was  placed 
in  a  bag  and  subjected  to  blows  delivered 
by  a  rubber-headed  mallet,  freely  swung 
as  shown  in  figure  6.  In  trying  these  meth- 
ods, it  was  considered  desirable  to  include 
in  the  program  of  tests  some  of  the  methods 
which  had  previously  been  used. 


Figure   6. — Bag     and     mallet     test     for     soft 
pieces. 

The  material  used  in  these  tests  consisted 
of  quartz  gravel  of  a  reasonably  uniform 
hardness  to  which  was  added  definite  quan- 
tities of  soft  stone  or  gravel  obtained  from 
the  remnants  of  the  samples  received  in 
1941.  It  seemed  possible  that  the  test  oper- 
ators might  be  influenced  by  the  color  of 
the  different  pieces  and  would  unconsciously 
classify  them  on  this  basis,  and  suggestions 
were  made  that  all  the  material  be  dyed  to 
a  uniform  color,  or  the  operators  fitted  with 
colored  glasses.  Both  suggestions,  after 
some  consideration,  were  rejected  and  the 
difficulty  overcome  in  part  by  the  use  of 
some  soft  material  of  nearly  the  same  color 
as  the  base  gravel.  Furthermore,  most  of 
the  tests  made  have  definite  end  points,  and 
the  operator  is  not  required  to  decide 
whether  the  material  does  or  does  not  meet 
the   conditions   of  the  test. 

Several  changes  in  the  test  procedure  as 
previously  used  were  thought  to  he  desir- 
able. A  brief  description  of  each  method 
follows. 


Method  1 :  Steel  scratch  test. — Each  piece 
was  scratched  with  a  sharp  knife  blade. 
The  weight  of  the  pieces  identified  as  soft 
was  reported  as  a  percentage  of  the  orig- 
inal weight  of  the  sample. 

Method  -:  Brass  scratch  test. — Each 
piece  was  scratched  with  a  pointed  scribe 
prepared  from  ^-inch  diameter  yellow 
brass  rod.  The  results  were  reported  as 
in    method    1. 

Method  3:  Light  hammer  test. — The  test 
piece  was  placed  on  an  anvil  in  its  most 
natural  position  of  repose,  held  firmly  with 
the  fingers,  and  struck  at  the  center  of  the 
upper  face  with  the  flat  end  of  the  tile-set- 
ter's hammer.  The  hammer  was  swung 
through  an  arc  of  about  6  inches  using  only 
a  natural  movement  of  the  wrist.  Softness 
was  recognized  by  crushing  or  crumbling 
of  the  piece  under  test.  A  clean  fracturing 
or  splintering  of  the  piece — that  is,  break- 
ing into  smaller  but  solid  fragments  with- 
out considerable  powdering — was  not  con- 
sidered indicative  of  softness.  More  than 
one  blow  was  permitted  if  necessary  to 
classify  the  piece  properly.  The  results 
were  reported  as  in  method  1. 

Method  h:  Rubber  mallet  test.  —  This 
method  followed  the  procedure  given  in 
method  3,  but  using  a  rubber  mallet  instead 
of    the    tile-setter's    hammer. 

Method  5:  Toughness  test  for  gravel. — 
The  falling-hall  apparatus  previously  de- 
scribed, and  illustrated  in  figure  1,  was 
used.  The  2% -inch  ball  was  dropped  as 
follows: 

Size  of  piece,  Height  of  fall, 

inches  inches 

1  Vs   to   1 3 

1  to  % 2 

%    to    % 1 

The  test  piece  was  held  on  the  anvil  and 
adjusted  under  light  tapping  of  the  free 
ball  to  a  secure  bearing.  The  free  ball  was 
then  raised  to  the  height  indicated  for  the 
size  of  aggregate  under  test  and  allowed  to 
fall  on  the  piece.  Softness  of  the  piece  was 
shown  by  crushing,  powdering,  ot  crumb- 
bling.  The  test  result  for  each  piece  was 
reported  as  in  method   1. 

Method  6:  Toughness  test  for  gravel. — 
The  procedure  given  in  method  5  was  re- 
peated, using  the  apparatus  containing  the 
lVs-inch  ball,  and  with  heights  of  fall  as 
follows: 

Size  of  piece,  Height  of  fall, 

in  ches  inches 

1 V2    to    1 5 

1  to  % 3 

%   to   y2 1 

Method  7;  Rotary  soft-piece  test. — The 
rotary  machine  previously  described,  and 
illustrated  in  figure  2,  was  operated  at  its 
slowest  speed  (about  110  r.p.m.).  The 
pieces  of  the  test  sample  were  fed  separately 
into  the  machine  and  all  debris  caught. 
The  material  passing  the  original  retaining 
sieve  was  determined,  and  expressed  as  a 
percentage,  by  weight,  of  the  original  sam- 
ple. 


Method  8:  Douglass  stone  meter  test. — 
The  stone  meter  was  used  with  the  follow- 
ing loads: 

Size  of  piece,  Applied  load, 

inches  pounds 

1 V2    to    1 125 

(Maximum  loading 
of  spring) 
1   to    % 75 

%  to  y2 60 

The  results  were  reported  as  in  method  1. 

Method  9:  Compression  test. — The  tests 
were  made  in  the  hydraulic  testing  ma- 
chine with  the  one-point  upper  and  three- 
point  lower  bearing  surfaces,  using  the  fol- 
lowing loads: 

Size  of  piece.  Applied  load, 

inches  pounds 

1%    to    1 500 

1  to    ?4 350 

%  to   \2 200 

The  piece  tested  was  placed  in  its  most 
stable  position  on  the  three-point  support, 
and  load  applied  without  shock  through  the 
single-point  contact  on  the  upper  surface 
of  the  specimen.  Breakage  of  the  specimen 
at  a  load  below  those  indicated  constituted 
failure.  The  results  were  reported  as  in 
method   1. 

Method  10:  Bag  abrasion  method. — A 
1, 000-gram  sample  was  placed  in  a  10-  by 
14-inch  canvas  bag  with  an  abrasive  charge 
of  five  1%-inch  diameter  cast-iron  or  steel 
balls.  The  neck  of  the  bag  was  fastened 
securely  to  prevent  loss  of  the  sample.  The 
bag  was  swung  100  times  through  a  dis- 
tance of  12  inches  against  an  anvil.  The 
sample  was  then  removed  from  the  bag  and 
sieved  on  a  No.  4  sieve.  The  material  pass- 
ing this  sieve  was  expressed  as  a  percentage 
of  the  original  weight  of  the  sample. 

Method  11 :  Bag  and  mallet  method. — A 
1,000-gram  sample  was  placed  in  a  6-  by  9- 
inch  canvas  bag  and  the  neck  fastened  se- 
curely to  confine  the  sample  in  the  least 
possible  space.  The  bag  was  then  placed 
on  an  anvil  and  struck  100  times  with  a 
rubber-headed  mallet.  The  blows  were  dis- 
tributed over  the  side  of  the  bag,  and  after 
each  tenth  blow  the  bag  was  turned  over  to 
expose  the  lower  side.  The  results  were 
determined  as  in  method  10. 

Method  12:  Los  Angeles  abrasion  test. — 
Samples  weighing  5,000  grams  of  each  size 
of  material  were  tested  in  the  Los  Angeles 
machine,  with  an  abrasive  charge  of  12 
steel  balls  weighing  5,000  grams.  The  per- 
centage of  wear  was  determined  at  100  and 
500  revolutions. 

The  results  obtained  in  these  tests  are 
given  in  table  9.  The  values  shown  in  the 
first  line  of  the  table  are  the  percentages, 
by  weight,  of  soft  material  which  were 
added  to  the  quartz  gravel.  The  values 
given  in  the  rest  of  the  table,  except  for 
those  of  the  Los  Angeles  abrasion  tests,  are 
the  percentages  by  weight  of  soft  material 
found  by  the  test  method  indicated.  The 
values  given  for  the  Los  Angeles  tests  are 
the  losses  in  percentages  by  weight  obtained 
in  the  tests.     The  ratio  of  the  losses  at  100 
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Table  9. — Results  of  tests  for  soft  pieces  using  prepared  samples 


Method 


Soft  pieces  placed  in  material 
Scratch  hardness  methods: 

Steel  scribe 

Brass  scribe 

Impact  methods: 

2-ounce  hammer 

Rubber  mallet 

Rotary  machine 

Toughness,  2l/2 -inch  ball 

Toughness,  1  %-inch  ball .  . 
Compression  method: 

Douglass  machine 

3-point  support 

Abrasion  method: 

Bag  abrasion 

Bag  and  mallet 

Los  Angeles  machine: 
Loss  at  100  revolutions 
Loss  at  500  revolutions 
Ratio,  100/500 


Percentage  of  soft  pieces 


Size  of  pieces 

Average 

1J-6-  to  1-inch 

1-  to  %-ineh 

M-  to  H-inc.h 

4.8 

16.2 

10.4 

10.5 

17.6 

18.2 

14.9 

16.9 

4.8 

16.3 

10.6 

10.5 

11.3 

18.8 

17.9 

16.0 

1.4 

10.1 

12.6 

8.0 

14.6 

10.6 

10.9 

12.0 

10.2 

34 . 1 

21.1 

21.8 

20.1 

22.0 

10.2 

17.4 

8.5 

4.8 

0.6 

4.6 

4.2 

16.9 

21.0 

14.0 

6.7 

18.0 

14.0 

12.9 

6.4 

11.7 

11.7 

9.9 

5.1 

11.9 

14.8 



22.5 

40.3 

45.3 

— 

22.7 

29.5 

32.7 

— 

and  500  revolutions  has  been  thought  to 
have  some  relation  with  the  amount  of  soft 
material  in  the  sample.  A  comparison  be- 
tween these  values  and  the  amounts  of  soft 
material  actually  added  to  the  base  gravel 
indicates  that  this  test,  as  made  on  indi- 
vidual sizes  of  aggregate,  does  not  furnish 
test  results  which  are  indicative  of  the 
amount  of  soft  material  in  the  sample. 

The  most  favorable  results  obtained  in 
this  series  of  tests  are  those  furnished  by 
the  brass  scribe,  the  rotary  soft-piece  ma- 
chine, and  the  bag  and  mallet  test.  In  pre- 
vious work,  when  the  rotary  machine  was 
operated  at  a  speed  of  200  r.p.m.,  it  had  not 
given  very  significant  results.  Although 
much  better  results  are  obtained  when  the 
machine  is  operated  at  a  slower  speed,  fur- 
ther consideration  of  this  type  of  testing 
equipment  was  discontinued  as  the  machine 
is  not  suitable  for  field  use. 

Bag   and   Mallet   Test 

Some  questions  developed  regarding  the 
size  of  sample  which  would  be  most  desir- 
able in  the  bag  and  mallet  method,  and  also 
how  many  tests  should  be  made  to  obtain  a 
test  value  representative  of  a  given  mate- 
rial. From  a  practical  consideration,  a 
sample  of  the  size  used  appears  to  be  about 
as  large  as  is  desired  for  readiness  of  han- 


dling. Should  the  material  to  be  tested  have 
a  maximum  size  greater  than  1  Va  inches,  the 
size  of  the  test  sample  must  be  increased 
and  a  larger  bag  be  used.  Considerable  de- 
velopment work  along  this  and  other  lines 
remains  to  be  done  before  this  method  can 
be  adopted  for  use.  To  determine  the  other 
feature  of  particular  interest  here — that  is, 
the  number  of  1,000-gram  samples  which 
should  be  tested  for  a  material  with  a  maxi- 
mum size  of  lVz  inches — another  series  of 
tests  was  made. 

In  these  tests,  a  soft  sandstone  was  added 
in  definite  quantities  to  a  quartz  gravel  to 
prepare  four  aggregates  containing  0,  4,  8, 
and  12  percent  soft  material.  Each  mate- 
rial, both  the  hard  and  soft,  was  graded  uni- 
formly from  Wi-  to  %-inch.  After  each 
aggregate  had  been  prepared,  it  was  mixed 
thoroughly  and  ten  1,000-gram  samples 
taken  for  test.  The  attempt  made  here  was 
to  duplicate  conditions  which  would  exist 
if  a  sample  of  graded  aggregate  were  tested 
by-  the  bag  and  mallet  method.  Each  sam- 
ple was  placed  in  a  double  canvas  bag,  one 
bag  inside  of  the  other,  and  struck  100 
times  with  a  rubber-headed  mallet.  The 
sample  was  then  sieved  on  a  No.  4  sieve,  and 
the  amount  passing  the  sieve  determined 
as  well  as  the  amount  of  soft  material  re- 
tained on  the  sieve. 


Tabic  10. — Bag  and  mallet  tests  on  prepared  samples  of  quartz  gravel 
containing  soft  sandstone 


Sample  No. 

Amount  of  soft  stone  added  to  gravel 

None 

4  percent 

8  percent 

12  percent 

Cumula- 

Cumula- 

Cumula- 

Cumula- 

Loss 

tive 

Loss 

tive 

Loss               tive 

Loss 

tive 

average 

average 

average 

average 

loss 

loss 

loss 

loss 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

1 

4.4 

4.4 

6.2 

6.2 

12 . 5 

12.5 

9.7 

9.7 

2 

3.7 
5.9 

4.0 
4.7 

6.2 
6.3 

6.2 
6.2 

9.9 
8.7 

11.2 
10.4 

11.2 
12.3 

10.4 
11.1 

3 

4 

4.3 

4.6 

7.4 

6.5 

10.6 

10.4 

10.7 

11.0 

3.7 

4.4 

5.8 

6.4 

8.2 

10.0 

13.1 

11.4 

6 

3.9 

4.3 

7.0 

6.5 

9.0 

9.8 

12.4 

11.6 

7 

4.8 

4.4 

6.0 

6.4 

10.0 

9.8 

13.4 

11.9 

8 

4.7 

4.4 

6.3 

6.4 

6.9 

9 .  5 

9.8 

11.6 

9 

5.0 

4.5 

6.5 

6.4 

6.9 

9.2 

10.9 

11.5 

10. 

3.7 

4.4 

5.0 

6.3 

9.5 

9.2 

9.1 

11.3 

A  summary  of  the  results  obtained  is 
given  in  tables  10  and  11.  In  table  10,  the 
percentage  of  loss  for  each  sample  tested  is 
given,  together  with  a  cumulative  average. 
For  most  aggregates,  an  average  value  ob- 
tained from  tests  of  three  samples  is  very 
nearly  the  same  as  the  average  for  all  ten 
samples  of  a  kind  tested.  Of  more  impor- 
tance, however,  is  the  comparison  of  the 
amount  of  soft  stone  placed  in  the  aggre- 
gate, the  test  result  obtained,  and  the 
amount  of  soft  stone  remaining  in  the  sam- 
ple after  the  test,  as  shown  in  table  11. 
Tests  of  the  base  gravel  show  a  loss  of  4.4 
percent.  The  results  obtained  in  tests  of 
the  gravel  containing  4  percent  of  soft  stone 
show  6.3  percent  loss  but  2.0  percent  of 
soft  stone  is  left  in  the  sample.  This  6.3 
percent  loss  then  includes  2.0  percent  of 
soft  stone  and  4.3  percent  from  the  quartz 
"•ravel. 


Table   11. Percentage  of  soft  stone  remain- 
ing in  sample  after  test.'  and  loss  from  gravel 


Soft  stone 

added  to 

gravel 

Cumula- 
tive 

average 
loss 

Soft  stone 
remaining 

Loss  from 
gravel 

Percent 

0 

Percent 

4.4 

6.3 

9.2 

11.3 

Percent 

2.0 
3.3 

4.5 

Percent 
1.4 
1.3 
4.5 
3.8 

4 
8 
12 

1  Averages  for  10  samples. 

N  By  a  similar  method  of  figuring,  the  test 
results  for  the  aggregates  containing  8  and 
12  percent  of  soft  stone  include  4.5  and  3.8 
percent,  respectively,  of  the  quartz  gravel 
in  the  loss.  Although  it  is  granted  that  the 
quartz  gravel  may  contain  material  of  a 
friable  nature,  a  comparison  of  the  gravel 
and  the  sandstone  used  in  these  tests  indi- 
cates that  a  satisfactory  method  of  test 
should  show  a  greater  recovery  of  the  soft 
material  in  the  test  results.  The  fact  that 
from  38  to  50  percent  of  the  soft  sandstone 
placed  in  the  sample  remains  there  after 
the  test  shows  definitely  that  the  test  as 
made   is   not   satisfactory. 

Brass   Scratch    Test 

In  this  investigation,  considerable  diffi- 
culty was  encountered  in  trying  to  unify 
the  conceptions  offered  by  different  authori- 
ties regarding  a  proper  description  of  a  soft 
piece,  and  much  time  and  effort  were  spent 
to  develop  a  satisfactory  method  of  test  for 
soft  pieces.  In  addition  to  the  various  tests 
described  here,  many  more  fanciful  tests 
were  considered  and,  in  some  cases,  plans 
for  quite  elaborate  pieces  of  testing  equip- 
ment were  prepared.  A  few  of  these  fanci- 
ful tests  were  tried  but  did  not  prove  even 
remotely  satisfactory.  Possibly  we  have 
been  trying  to  make  something  difficult  of 
a  really  simple  problem :  The  testing  of 
aggregates  to  determine  the  presence  and 
quantity  of  soft  pieces — those  which  yield 
easily  to  physical  pressure  or  are  not  re- 
sistant to  cutting  or  wear. 
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Among-  all  of  the  test  methods  consid- 
ered, the  most  simple  and  direct  is  a  scratch 
hardness  test.  This  would  not  indicate  the 
pieces  which  are  unsound,  or  light-weight, 
or  highly  absorptive;  or  the  pieces  of  chert 
which  appear  to  be  included  by  some  author- 
ities in  the  general  classification  of  soft 
pieces.  It  would,  however,  show  which 
pieces  of  the  sample  are  actually  soft,  in- 
cluding those  formed  of  a  soft  material  and 
those  which  are  so  poorly  bonded  that  the 
separate  particles  in  the  piece  are  easily 
detached  from  the  mass. 

A  satisfactory  test  for  scratch  hardness 
was  used  in  this  investigation.  It  consists 
merely  of  scratching-  the  material  under 
test  with  a  piece  of  yellow  brass,  as  shown 
in  figure  7.  This  brass  will  not  scratch 
limestone  of  good  quality,  but  it  is  hard 
enough  to  scratch  badly  weathered  mate- 
rials which  may  be  objectionable  for  use  in 
concrete.  The  brass  used  first  in  these  tests 
consisted  of  a  V^-inch  rod  which  has  a  Rock- 
well hardness  of  about  B70.  Later  in  this 
work,  the  thought  of  preparing  a  pencil  with 
a  brass  rod  replacing  the  lead  was  devel- 
oped. For  this  purpose,  drill-rod  brass  '  of 
about  1   16-inch  diameter  was  used.     Efforts 


4  So  called  as   it 

steel  twist  drills. 


is   obtainable   in   the  same   sizes   as 


Figure    7. The    scratch    test,    using    a    hard. 

yellow  brass  scribe  "pencil"  made  with 
a  drill-rod  brass  core  encased  in  wood. 
This  is  the  only  test  for  soft  aggre- 
gates suitable  to  bo'Ji  field  and  labora- 
tory   use. 


were  made  to  obtain  a  Rockwell  hardness 
value  for  this  material,  but  the  rod  was  too 
small  to  secure  a  satisfactory  reading-.  For 
the  purpose  of  this  test,  it  is  probable  that 
minute  distinctions  in  the  hardness  of  the 
brass  used  is  of  little  moment.  Possibly 
it  is  sufficient  to  describe  the  material  as 
hard,  yellow  brass. 

The  test  consists  of  separating-  the  aggre- 
gate into  different  sizes,  down  to  %-inch, 
and  determining  the  scratch  hardness  of  a 
representative  number  of  pieces  of  each 
size.  With  material  of  fairly  uniform 
quality,  10  pieces  of  a  size  may  be  sufficient; 
but  50  or  100  pieces  of  a  size  may  be  re- 
quired for  heterogeneous  materials.  The 
weight  of  the  pieces  identified  as  soft  is 
determined  for  each  size,  and  a  weighted 
average  based  on  the  grading  of  the  sample 
is  computed. 

This  test  is  for  soft  pieces  only.  If  it 
is  desired  to  limit  the  amount  of  other 
types  of  deleterious  materials  in  aggregate, 
separate  mention  of  these  should  be  made 
in  specifications. 

The  courtesy  of  the  State  highway  departments  and 
the  National  Sand  and  Gravel  Association  in  furnish- 
ing samples  for  use  in  these  tests  is  appreciated,  as  are 
the  many  valuable  suggestions  offered  by  Mr.  T.  R. 
Smith,  and  the  assistance  furnished  by  him  and  the 
other  employees  of  the  laboratories  of  the  tiureau  of 
Public  Roads. 


Errata 


In  order  to  rectify  a  printer's  error,  page 
121  of  the  February  1951  issue  of  Public 
Roads  (Vol.  2(5,  No.  (i)  was  reprinted 
with  a  heading-  •'Errata  Sheet"  and  dis- 
tributed to  all  subscribers.  A  number  of 
inquiries  since  received  indicate  that  the 
purpose  of  this  was  in  some  cases  misun- 
derstood.    The  error  involved   a  mix-up  of 


text  on  page  121,  under  the  caption  "Part 
IV — Over-All  Intersection  Capacity."  As 
originally  printed,  the  first  and  third 
columns  were  inadvertently  interchanged, 
so  that  the  lower  portion  of  the  page  must 
be  read    (by  columns)    from   right  to  left. 

The    printer    also    unfortunately    turned 
chart  4,  on  page  128,  to  read  from  the  left 


edge  of  the  page  instead  of  the  right  edge, 
thus  considerably  impairing  the  facility  of 
use  of  the  chart  series. 

While  these  errors  occurred  after  final 
proofing  and  were  beyond  the  control  of 
the  editorial  staff  of  Public  Roads,  they 
nevertheless  greatly  regret  the  inconven- 
ience caused  thereby. 
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A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according  to 
subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  Bureau  of  Public  Roads, 
Washington   25,   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment   is   required. 


ANNUAL  REPORTS 

(Sec  also  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 

1937,   10  cents.  1938,  10  cents.  1939,  10  cents. 

Work  of  the  Public  Roads  Administration: 

1940,   10  cents.  1942,  10  cents.  1948,  20  cents. 

194.1,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947,  20  cents. 

Annual   Report,   Bureau  of  Public   Roads,   1950.     25  cents. 
HOUSE   DOCUMENT   NO.  462 


.  Nonuniformity  of  State  Motor- Vehicle  Traffic 
Laws.     15  cents. 

.  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

.  Inadequacy  of  State  Motor- Vehicle  Accident 
Reporting.     10  cents. 

.  Official  Inspection  of  Vehicles.     10  cents. 

.  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

.  The    Accident-Prone    Driver.     10  cents. 


Part 

1  .  . 

Part 

2  .  . 

Part 

3  .  . 

Part 

Part 

4  .  . 

5  .  . 

Part  6 


UNIFORM  VEHICLE  CODE 

Act  I  — Uniform  Motor-Vehicle  Administration,  Registra- 
tion, Certificate  of  Title,  and  Antitheft  Act.  10 
cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License  Act.     10  cents. 

Act    III. — Uniform  Motor-Vehicle  Civil  Liability  Act.   10  cents. 

Act  IV. — Uniform  Motor-Vehicle  Safety  Responsibility  Act. 
10  cents. 

Act  V. — Uniform  Act  Regulating  Traffic  on  Highways.  20 
cents. 

Model   Traffic   Ordinance.     15  cents. 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.     30  cents. 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40 
cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 


Guides  to   Traffic   Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location    (No.  1486D).     15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 

249).     50  cents. 
Highway  Practice  in  the  United  States  of  America.     50  cents. 
Highway  Statistics,  1945.     35  cents. 
Highway  Statistics,  1946.     50  cents. 
Highway  Statistics,  1947.     45  cents. 
Highway  Statistics,  1948.     65  cents. 
Highway  Statistics,  1949.     55  cents. 
Highway   Statistics,  Summary  to  1945.     40  cents. 
Highways  of  History.     25  cents. 
Identification  of  Rock  Types.     10  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 
Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 
Local    Rural   Road   Problem.     20   cents. 

Manual  on   Uniform  Traffic   Control  Devices  for   Streets  and 

Highways.     50  cents. 
Mathematical    Theory    of    Vibration    in    Suspension    Bridges. 

$1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips,  and  Other  Landing  Areas  for  Aircraft.     $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 

Roadside  Improvement   (No.  191MP).     10  cents. 

Selected   Bibliography  on    Highway    Finance.     55   cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks  (FP-41).     $1.50. 

Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.     $1.25. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent    of    Documents. 

ANNUAL   REPORTS 
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Public  Roads  Administration  Annual  Reports: 
1943.  1944.  1945. 
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Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography    on    Highway    Lighting. 
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Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 
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The  Gasoline  Tax  in  Relation  to 

Automobile  Operation  and  Highway  Costs 


BY   THE  RESEARCH   REPORTS  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  E.  M.  COPE,  Chief,  Highway  Statistics  Section 
and  L.  L.  LISTON,  Transportation  Economist 


GASOLINE  TAXES  constitute  a  very 
small  part  of  the  total  cost  of  owning 
and  operating  an  automobile,  and  revenues 
from  gasoline  taxes  are  falling  far  short  of 
needed  highway  construction  and  mainte- 
nance expenditures.  While  other  prices  and 
costs  have  nearly  doubled  in  the  past  10 
years,  the  tax  on  gasoline  has  increased  only 
12.7  percent.  It  is  the  purpose  of  this  study 
to  compare  trends  in  gasoline  taxes,  costs  of 
operating  an  automobile,  and  costs  of  con- 
structing  and   maintaining   highways. 

A  previous  article  in  Public  Roads'  re- 
ported a  study  of  gasoline  price  and  tax 
increases  during  a  30-month  period  ending 
June  30,  1948.  Although  there  were  sub- 
stantial gasoline  price  increases  in  all  States 
and  gasoline  tax  increases  in  12  States  dur- 
ing that  period,  these  increases  had  no 
measurable  effect  on  consumption  of  gaso- 
line. In  the  1949  study,  however,  no  ef- 
fort was  made  to  establish  the  relation  be- 
tween gasoline  costs,  total  vehicle  operating 
costs,  and  the  portion  of  the  vehicle  opera- 
tor's dollar  that  goes  for  road-user  taxes. 
Such  comparisons  are  made  here. 

Gasoline   Prices   and   Taxes 

Gasoline  prices  have  continued  to  increase 
since  1948,  and  there  have  been  increases 
in  gasoline  taxes  in  some  States.  The  in- 
creases in  gasoline  prices  (excluding  taxes) 
and  in  State  gasoline  taxes  during  the  54- 
month  period  from  January  1946  to  June 
1950  are  shown  in  figure  1.  This  figure  is 
an  extension  of  figure  2  in  the  1949  study, 
which  covered  the  30  months  from  January 
1946  to  June  1948.  The  findings  for  the 
longer  period  are  in  such  complete  agree- 
ment with  those  of  the  original  study  that 
reiteration  of  the  conclusions  in  detail  would 
be  needless   repetition. 

The  earlier  study  established  that  no  gaso- 
line tax  increase  has  had  a  measurable  ef- 
fect on  the  consumption  of  gasoline,  and 
none  within  reasonable  contemplation  ap- 
pears likely  to  do  so.  Theoretically,  any 
rise  in  the  cost  of  operating  automobiles 
should  have  some  restraining  effect  on  the 
amount    of    vehicle    use.      The    reason    that 


Unit  costs  of  highway  construction  and  maintenance  have  almost  doubled 
in  the  last  10  years,  considerably  exceeding  the  77-percent  increase  in  the  basic- 
cost  of  living.  The  [trice  of  gasoline,  excluding  tax.  rose  62  percent  in  the  same 
10  years,  but  since  the  tax  on  gasoline  rose  less  than  13  percent  during  this 
period  the  net  effect  fell  by  the  motorist  in  his  purchases  of  gasoline  was  an 
increase  of  only  47  percent  in  the  total  of  price  plus  tax. 

There  has  been  a  substantial  increase  in  revenue  for  highways  orer  the 
10-year  period,  resulting  from  the  tremendous  growth  in  the  number  of  motor 
vehicles.  This  has  been  nullified,  however,  by  the  extreme  increase  in  highway 
costs  and  the  contrastingly  small  one  in  tax  rates.  Current  revenue  will  buy 
no  more  highway  work  than  did  the  1940  revenue.  Yet  the  need  is  far  greater, 
for  the  constantly  multiplying  number  of  vehicles  continually  intensifies  our 
traffic   problems. 

The  public  apparently  does  not  have  a  clear  picture  of  the  relation  of  taxes 
to  the  total  cost  of  owning  and  operating  an  automobile.  An  analysis  for  a 
typical  passenger  car  indicates  that  the  taxes  represent  only  11  percent  of  the 
total  ownership  and  operation  costs — less  than  any  other  major  item  of  cost 
involved.  Put  in  practical  terms,  of  the  6.6  cents  per  mile  it  costs  to  own  and 
operate    an    automobile,    all    taxes    combined    represent    seven-tenths    of    a    cent. 

The  gasoline  tax  accounts  for  only  6x/z  percent  of  the  total  cost  of  owning 
and  operating  a  car.  or  four-tenths  of  a  cent  per  mile,  and  the  tax  rate  is  actually 
lower  in  proportion  to  individual  income  now  than  it  was  in  1940.  Each  cent 
of  the  gasoline  tax  rate  costs  the  average  motorist  seven-huntlredths  of  a  cent 
per  mile,  or  about  13  cents  a  week — just  about  1  percent  of  the  total  ownership 
and   operation    cost. 


1  The  effect  of  tax  increases  on  gasoline  consump- 
tion, by  E.  M.  Cope  and  L.  L.  Liston.  Public  Roads, 
Vol.  25.   No.   7,  March   1949,  p.    138. 
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no  effect  has  been  noted  is  rather  obvious — 
the  gasoline  tax  constitutes  only  about  6.5 
percent  of  the  total  cost  of  operating  an 
automobile  (as  will  be  shown  later),  and  has 
actually  been  declining  in  terms  of  its  re- 
lation  to  the  total  cost. 

There  were  net  tax  increases,  during  the 
54-month  pariod,  of  from  1/2  cent  to  2  cents 
per  gallon  in  23  States,  and  a  net  tax  de- 
crease of  1  cent  per  gallon  in  one  State. 
There  were  net  price  increases,  excluding 
taxes,  in  all  States  during  the  same  period. 
In  Utah  the  price  increase  was  only  12  cent 
per  gallon,  and  in  California  the  net  price 
increase  was  only  2  cents  per  gallon.  In 
other  States,  however,  the  net  price  in- 
creases   were    much    higher — ranging    from 

3.4  cents      per      gallon      in      Arizona      to 

8.5  cents  per  gallon  in  Wyoming-.  Avail- 
able information  indicates  that  the  Utah 
and  California  increases  were  relatively 
small  because  of  intense  competitive  condi- 
tions in  those  areas. 

Relative   Cost   of   Gasoline 

It  has  never  been  possible  to  measure  the 
extent   of  the   effect  of   operating   costs   on 


vehicle  ownership  and  use.  Much  of  the 
discussion  and  publicity  on  the  point  has 
centered  around  the  cost  of  gasoline,  prob- 
ably because  this  is  an  item  with  which 
the  public  comes  in  daily  contact.  Gaso- 
line taxes  have  assumed  a  disproportionate 
importance  to  the  public  because  consider- 
able publicity  has  been  given  to  gasoline 
prices  and  taxes  when  matters  pertaining 
to  them  have  bsen  under  study  by  State 
legislatures,  and  to  the  allegation  that 
"gasoline  is  cheap — only  the  tax  is  high." 
The  emphasis  on  gasoline  taxes  has  tended 
to  obscure  the  fact  that  many  items  of  the 
cost  of  operating  a  motor  vehicle  consid- 
erably exceed  gasoline  tax  payments.  It  is 
not  generally  recognized  that  both  gasoline 
prices  and  gasoline  tax  rates  have  risen  more 
slowly  than  general  price  levels.  The  aver- 
age retail  price  of  gasoline  in  1940,  includ- 
ing taxes,  was  18.4  cents  per  gallon.  Dur- 
ing the  10  years  to  1950  the  retail  price 
alone,  excluding  taxes,  increased  62  percent. 
It  is  worth  noting  that  this  increase,  though 
substantial,  was  considerably  less  than  the 
77-percent  increase  in  the  cost  of  living 
reflected  in  the  Bureau  of  Labor  Statistics 
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Figure    1. — Gasoline   price   anil   tax   increases.   January   1.    1946— June   30.    1950 


index.  In  the  same  10-year  period  the 
weighted  average  of  State  and  Federal  gas- 
oline taxes  rose  only  12.7  percent.  Thus, 
due  to  the  relative  stability  of  gasoline 
taxes,  the  total  cost  of  gasoline  to  the  con- 
sumer increased  only  47.3  percent.  Since 
wages  have  risen  considerably  more  than 
the  cost  of  gasoline,  the  consumer  is  actually 
in  a  better  position  now  than  in  1940  with 
respect  to  his  purchases  of  gasoline.  The 
percentage  increase  in  the  cost  of  gasoline, 
even  though  it  was  approximately  five  times 
as    great    as   that   for    gasoline    taxes,    was 


still  20  percent  less  than  the  percentage  in- 
crease in  the  cost  of  living  reported  by  the 
Bureau  of  Labor  Statistics.  A  comparison 
of  gasoline  taxes  and  prices  in  1940  and 
in  1950  is  given  in  table  1. 

Highway   Costs 

The  economic  factors  that  brought  about 
increased  costs  of  gasoline  also  caused  in- 
creased costs  of  raw  materials,  wages,  trans- 
portation, and  other  components  of  the  total 
price  of  motor  vehicles,  gasoline,  and  as- 
sociated  products.     Likewise,   they   brought 


about  sharp  increases  in  the  costs  of  con- 
structing highways — a  rise  of  97  percent  in 
the  10-year  period  from  1940  to  1950.  The 
increases  in  the  costs  of  construction  are 
reflected    in   table   2. 

During  the  same  period  highway  main- 
tenance costs  rose  87  percent.  This  figure 
is  a  composite  of  the  relative  increases  from 
1940  to  1950  in  the  unit  costs  of  the  prin- 
cipal items  of  maintenance,  which  were 
as  follows:  Labor,  114.27  percent;  material, 
56.72  percent;  equipment,  72.73  percent;  and 
overhead,  67.10  percent. 


158 


June  1951  •  PUBLIC  ROADS 


Table    1. —  Gasoline  price     and  tax  changes.    1940-.19 


Price, 

excluding 

tax 

Tax 

Total 
price 

Relation  of 

tax  to 
total  price 

1940 

Cents 
12.9 
20.9 

Cents 
5    "» 
6 . 2 

Cents 
18.4 
27.1 

Perce  nt 
29.9 
22  .  9 

1950 

+  62.0 

+  12.7 

+  47.3 

-7.0 

1  Prices  in  effect  in  the  capital  cities  of  the  States  except  for  Maryland  and  Oregon,  where  the  prices  are  for  Baltimore 
and  Portland,  respectively. 

Table    2. — Changes    in    unit    costs    of    highway   construction.    1940-iyl) 


Item 


Common  excavation:  bid  price,  cu.  yd 

Concrete  pavement:   bid  price,  sq.  yd.  . 

Structures : 

Reinforcing  steel:  bid  price,  lb 
Structural  steel :  bid  price,  lb ...  . 
Concrete:  bid  price,  cu.  yd 

Composite  index 


1940 


$0.21 
1. 08 

.045 
.003 

19.170 


19  ,0 


$0 .  34 
3.66 

.100 
.139 

II.  120 


I'irr   -a^  • 


&1.9 
1  lT.it 

122.2 

120.6 

132.8 

97.0 


Figure  2  shows  the  relative  increases  in 
the  cost  of  living,  the  price  of  a  new  automo- 
bile, the  price  of  gasoline  (excluding  tax), 
the  gasoline  tax  rate,  and  the  unit  costs  of 
highway  construction  and  maintenance.  It 
will  be  noted  that  the  price  of  gasoline  did 
not  increase  as  much  as  either  the  cost  of 
living  or  the  price  of  a  new  automobile. 
But  even  the  petroleum  industry,  generally 
considered  to  be  one  of  the  most  efficient  in 
our  economy,  found  it  necessary  to  increase 
the  price  of  gasoline  five  times  as  much 
(on  a  percentage  basis)  as  gasoline  taxes 
were  increased. 

Automobile   Operating   Costs 

State  gasoline  taxes,  which  are  the  prin- 
cipal source  of  revenue  for  highways,  cost 
the  average  automobile  user  about  65  cents 
a  week.  This  fact  is  of  limited  significance 
until  it  is  related  to  total  costs  of  vehicle 
operation.  In  order  to  establish  the  relation, 
an  estimate  of  the  cost  of  owning  and  op- 
erating an  automobile  is  presented  in  table 
3.  It  is  not  based  on  actual  records  for 
any  particular  vehicle  or  group  of  vehicles, 
but  the  figures  are  believed  to  be  typical, 
at  mid-1950  prices,  for  average  operation  of 
the  type  of  automobile  considered. 

The  estimate  is  based  on  a  low-priced 
1950-model  four-door  sedan  built  by  a  lead- 
ing manufacturer,  and  covers  an  assumed 
10-year  life  for  the  vehicle.  The  automobile 
is  assumed  to  be  registered  in  Baltimore, 
Md.,  and  subject  to  normal  taxes  in  that 
area.  Although  the  mileages,  operating  costs, 
and  other  factors  in  the  estimate  are  be- 
lieved to  be  reasonable,  they  are  not  pur- 
ported to  be  averages  or  for  an  average 
vehicle.  Data  for  such  purposes  are  not 
available  in  sufficient  coverage.  The  es- 
sential factors  of  the  estimate  are  stated 
in  the  notes  below  table  3. 

In  estimating  expenditures  for  repairs 
and  maintenance,  the  Service  Job  Analysis 
estimate  compiled  by  Motor  Service  Maga- 
zine was  used.     This  analysis  lists  the  num- 


ber of  jobs  of  different  kinds  done  by  car 
dealers  and  independent  repair  shops  for 
several  years.  A  sample  group  of  jobs, 
comprising  more  than  two-thirds  of  the 
total  listed,  was  chosen  as  representative 
of  the  maintenance  and  repair  work  which 
would  be  done  on  a  typical  automobile  dur- 
ing the  10-year  period.  These  items  range 
from  major  repairs  such  as  a  complete 
engine  overhaul  to  minor  maintenance  items 
like  washing  and  lubrication.  The  fre- 
quency of  the  jobs  listed  in  the  Service  Job 
Analysis  and  the  experience  of  men  familiar 
with  automotive  maintenance  and  service 
were  used  as  guides  to  the  number  of  times 
each  job  would  be  required  during  the  life 
of  the  car.  Costs,  including  parts,  were 
then  obtained  from  the  most  recent  flat-rate 
manuals,  and  the  prices  of  parts  as  listed 
in  the   manual  were  checked   locally  to   de- 


termine any  necessary  adjustments  for  the 
Baltimore    area. 

The  expenditures  for  major  items — re- 
placement tires,  motor  overhaul,  painting, 
for  example — are  distributed  over  a  period 
of  years,  rather  than  being  charged  en- 
tirely to  the  year  of  actual  expenditure, 
because  the  benefit  of  each  expenditure  ex- 
tends beyond  the  year  in  which  it  was  made. 
The  cost  of  the  motor  overhaul,  for  instance, 
occurs  in  the  seventh  year  but  is  distributed 
over  the  seventh  through  the  tenth  years. 

No  costs  for  car  financing,  for  fines  and 
forfeitures,  or  for  automobile  club  member- 
ship are  included,  nor  is  any  interest  on  the 
investment  included.  Although  these  items 
may  add  substantially  to  the  cost  of  owning 
and  operating  an  automobile  in  some  in- 
stances, the  wide  variance  in  their  applica- 
tion among  motorists  makes  it  impractical 
to  include  them  in  this  study. 

Relation   of   Cost   Elements 

It  is  somewhat  surprising  to  note  that 
the  several  factors  entering  into  the  cost 
of  operating  the  vehicle  tend  to  keep  the 
cost  per  mile  within  the  rather  narrow 
range  of  7.35  cents  in  the  first  year  to  5.24 
cents-  in  the  tenth  year.  The  high  depreci- 
ation and  insurance  costs  of  the  first  few 
years  are  offset  to  a  considerable  degree  by 
greater  mileage  and  low  maintenance  costs, 
and  by  absence  of  tire  replacement  expendi- 
tures. Although  the  estimate  is  based  on 
the  assumption  that  the  vehicle  will  be 
scrapped  after  10  years  of  use,  the  proba- 
bility is,  in  a  period  in  which  there  is  a 
relative  shortage  of  vehicles,  that  it  would 
pass  into  the  hands  of  a  marginal  user  and 
continue  in  service.  It  is  not  likely,  how- 
ever, that  the  over-all  cost  per  mile  would 


-  These  costs  are  all  based  on  mid-1950  price  levels. 
Practically  all  items  of  cost,  with  the  exception  of 
taxes,   have   increased  since  that  time. 
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Figure   2. — Relative   increases    in    unit   costs   of   selected    items,    1940-.W. 
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be  appreciably  reduced,  provided  the  ve- 
hicle was  maintained  at  a  level  to  assure 
minimum  safety  and  comfort. 

Of  the  7.35  cents-per-mile  total  operating- 
costs  in  the  first  year  of  the  estimate,  the 
cost  of  gasoline,  including-  all  taxes,  was 
1.7  1  cents  per  mile.  Gasoline  taxes 
amounted  to  only  0.433  cent  per  mile,  or 
0.067  cent  per  mile  for  each  cent  of  the  tax 
rate.  Thus  each  increment  of  1  cent  of 
tax  adds  less  than  1  percent  to  the  total 
cost  of  operating  the  vehicle.  Under  these 
circumstances  it  can  be  understood  why  no 
tax  increase  has  ever  made  a  measurable 
difference  in  the  highway  use  of  gasoline. 

There  is  good  reason  to  believe  that  the 
average  motorist  does  not  understand  the 
true  relation  between  his  vehicle  ownership 
and  operation  costs  and  the  tax  monies  ex- 
pended for  the  highways  he  uses.  It  would 
probably  come  as  a  surprise  to  him  to  learn 
that  the  total  amount  he  pays  in  highway- 
user  taxes,  toward  the  construction  and 
maintenance  of  the  roads  over  which  his 
automobile  is  operated,  is  substantially  ex- 
ceeded by  all  of  the  other  major  items  of 
vehicle  operation  cost.  This  fact  is  pre- 
sented  graphically  in   figure   3. 

Because  of  the  widely  quoted  statements 
made  in  organized  opposition  to  proposed 
increases  in  gasoline  taxes  in  several  States, 
most  automobile  owners  might  be  reluctant 
to  believe  that  each  cent  of  the  gasoline  tax 
accounts  for  only  1  percent  of  total  vehicle 
operating  costs.  The  average  motorist 
is  also  probably  not  aware  that  highway 
improvements  made  possible  by  each  addi- 
tional cent  of  gasoline  tax  not  only  add  to 
the  safety  and  convenience  of  motor-vehicle 
travel,  but  also  reduce  operating  costs 
through  improved  surfaces,  grades,  and 
alinement,  reduced  mileage,  and  lessened 
traffic   congestion. 

Highway  Revenues  and  Needs 

Although  road-user  tax  rates  have  risen 
less  than  any  other  automotive  operating 
cost  during  the  past  10  years,  the  revenues 
from  them  have  increased  substantially  as  a 
result  of  the  large  increase  in  the  number 
of  vehicles.  The  increases  in  highway  con- 
struction and  maintenance  costs,  however, 
have  so  reduced  the  value  of  the  highway 
dollar  that  total  revenues  today  will  pro- 
vide only  about  the  same  number  of  units 
of  construction  and  maintenance  that  were 
purchased  with  1940  revenues.  While  this 
reduction  in  the  purchasing  power  of  rev- 
enues is  undoubtedly  the  most  serious  single 
problem  now  facing  highway  authorities, 
there  are  two  others  of  almost  equal  im- 
portance— the  mounting  volume  of  traffic 
for  which  highway  capacity  must  be  pro- 
vided, and  the  higher  standards  to  which 
today's  highways  must  be  constructed  to 
allow  safe  travel  for  present  speeds  and 
loads.  If  prices  had  remained  at  1940 
levels,  current  revenues  would  be  adequate 
to    maintain    our    then-existing    system    of 


Figure   3. — Distribution    of   automobile   ownership   and   operation    costs. 


roads  and  streets,  and  to  improve  and  ex- 
pand the  system  as  needed  for  the  greatly 
increased  number  of  vehicles.  But  with 
present  revenues  able  to  purchase  only  the 
amount  of  construction  and  maintenance 
that  was  purchased  with  1940  revenues, 
highway  authorities  are  finding  it  impossible 
to  provide  adequate  highway  capacity  for 
a  51-percent  greater  number  of  vehicles 
and  a  60-percent  increase  in  traffic  volume. 

Effect   on   the   Individual 

Discussions  of  road-user  taxes  are  fre- 
quently of  a  technical  nature  not  readily 
understood  by  the  automobile  owner.  He 
is  exposed  to  diametrically  opposite  views 
and  irreconcilable  statements.  The  allega- 
tion is  made  that  "gasoline  is  cheap — only 
the  tax  is  high."  Yet  the  price  of  gaso- 
line (excluding  tax)  now  represents  19.8 
percent  of  total  automobile  operating  costs, 
while  the  gasoline  tax  is  only  6.5  percent, 
and  the  tax  portion  of  the  total  price  of 
gasoline  has  decreased  approximately  7 
percent  during  the  past  decade.  The  motor- 
ist appears  to  be  willing  to  pay  tolls  that 
cost  the  equivalent  of  an  additional  15-cent 
tax  per  gallon  for  the  use  of  controlled- 
access  toll  highways,  but  seems  not  to  under- 


stand the  relatively  low  cost,  per  vehicle- 
mile,  of  adequate  free  highways.  When 
automotive  taxes  and  highway  programs  are 
discussed,  he  unfortunately  sees  figures  only 
in  large  multiples  of  any  amounts  familiar 
to  him.  Being  impressed  by  their  magni- 
tude, he  does  not  realize  that  the  portion  of 
these  amounts  that  he  pays  as  an  individual 
is  actually  very  small. 

In  most  States  there  are  certain  minimum 
amounts  that  must  be  spent  for  highway 
administration,  equipment,  and  mainte- 
nance. After  these  requirements  have  been 
met,  any  funds  remaining  are  available  for 
construction.  Small  increments  in  tax  allo- 
cations under  these  circumstances  can 
amount  to  relatively  large  increases  in 
funds  available  for  construction.  If  the 
19  States  having  gasoline  tax  rates  of  less 
than  5  cents  per  gallon  were  to  increase 
their  rates  1  cent,  the  State  funds  available 
for  highway  construction  would  be  in- 
creased, on  the  average,  by  more  than  40 
percent.  In  over  two-thirds  of  these  States 
the  construction  funds  would  be  increased 
an  average  of  more  than  50  percent. 
Yet  this  increase  would  cost  the  motorist 
(at  15  miles  per  gallon),  only  0.067  cent 
per  mile,  or  about  13  cents  a  week. 
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Volume  Changes  in  Sand-Gravel  Concrete 


BY   THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  F.  H.  JACKSON,  Principal  Engineer  of  Tests 
and  A.  G.  TIMMS,  Senior  Materials  Engineer 


Abnormal  expansion,  as  evidenced  in  map- 
cracking,  lias  been  observed  in  concrete 
pavements  built  with  sand-gravel  aggregate 
in  some  midivestern  States.  Tests  with  this 
and  two  other  aggregates  of  widely  different 
mineral  composition,  combined  with  differ- 
ent types  of  cement  and  subjected  to  various 
weathering  conditions,  produced  effects  in 
the  laboratory  which  correlated  ivilh  those 
observed  in  the  field. 

Expansion  of  concrete  specimens  made 
with  sand-gravel  was  much  greater  than  that 
of  similar  specimens  containing  the  other 
aggregates,  and  appeared  to  be  due  to  some 
characteristic  related  to  the  mineral  compo- 
sition of  the  sand-gravel.  The  magnitude  of 
the  expansion  was  markedly  influenced  by 
the  properties  of   the   cements   used. 

The  addition  of  crushed  limestone  to  the 
Sand-gravel,  producing  a  normally  graded 
coarse  aggregate  which  contained  about  50 
per  cent  calcareous  material,  eliminated  the 
abnormal   expansion   entirely. 


hilrodtiction 

A    BNORMAL      EXPANSION      of     con- 

1 TjL  crete  pavement  with  resultant  so-called 
"map-cracking"  of  the  surface,  which  has 
been  widely  observed  in  certain  midwestern 
states,  particularly  Kansas  and  Nebraska, 
prompted  the  Bureau  of  Public  Roads  about 
10  years  ago  to  initiate  a  series  of  tests  to 
determine  whether  these  effects  could  be 
reproduced  in  the  laboratory  and,  if  so, 
just  what  combinations  of  materials  pro- 
duced them  and  what  steps  might  be  taken 
to  eliminate  the  trouble.  The  tests  in- 
volved the  measurement  of  changes  in  length 
of  concrete  specimens  containing  aggregates 
from  three  sources :  The  Platte  River  in  Ne- 
braska, Chicago,  111.,  and  Long  Island,  N.  Y. 
The  Platte  River  aggregate  was  repre- 
sentative of  a  class  of  materials  locally 
known  as  "sand-gravel,"  which  contains 
only  a  small  percentage  of  particles  larger 
than  %  inch  in  size.  Most  of  the  concrete 
pavements  in  these  areas  which  have  shown 
distress  were  constructed  with  this  type  of 
aggregate.  The  aggregates  from  Long 
Island  and  the  Chicago  area  were  selected 
as  representative  of  two  sources  differing 
widely  in  mineralogical  composition  but  pos- 
sessing excellent  service  records  in  concrete. 


Each  of  the  three  aggregates,  in  three 
different  gradations,  was  used  in  combina- 
tion with  each  of  four  cements.  All  of  the 
latter  met  the  usual  American  Society  for 
Testing  Materials  requirements  for  type  I 
cement,  and  two  of  them  in  addition  met 
both  the  A.S.T.M.  requirements  for  type  II 
cement  and  the  requirements  of  the  Board 
of  Water   Supply   of   New  York  City. 

The  concrete  specimens  made  from 
these  aggregates  and  cements  were  sub- 
jected successively  to  various  types  of  lab- 
oratory weathering  cycles  which  involved 
alternate  wetting  and  drying  together  with 
alternate  heating  and  cooling,  but  without 
freezing  and  thawing.  In  general  the  pro- 
gram followed  the  pattern  set  by  W.  E. 
Gibson,  of  the  Kansas  State  Highway  Labo- 
ratory, who  began  studying  this  problem  as 
early  as  1932.  The  results  of  Gibson's  find- 
ings were  reported  before  the  Highway  Re- 
search  Board   in   1938. 1 

A  progress  report  giving  the  results  of 
the  studies  made  by  the  Bureau  over  a  2- 
year  period  was  presented  before  the  High- 
way Research  Board  in  1942. ~  This  was 
followed  in  1949  by  a  final  report  which  re- 
viewed the  earlier  work  and  gave  the  re- 
sults of  further  measurements  up  to  a  total 
of  9  years  of  exposure.3 

In  the  report  presented  here  the  data  and 
discussions  of  the  latter  two  papers  have 
been  combined  into  a  single  report  ^vhich  is 
intended  to  serve  as  a  complete  and  final 
report  of  this  investigation  as  it  was  origi- 
nally planned. 

Summary   of   Observations 

The  principal  indications  of  these  tests 
were    as    follows: 

1.  A  laboratory  weathering  cycle  which 
involved  immersion  in  water  at  70°F.  for 
24  hours  followed  by  drying  in  air  at  130°  F. 
for  24  hours  produced  length  changes  and 
visual  effects  (such  as  map-cracking)  in 
concrete  test  specimens  that  correlated  with 
the  behavior  of  similar  concrete  in  the  field. 

2.  Concrete  specimens  containing  only 
the     Platte     River     sand-gravel     aggregate 


developed,  in  general,  much  larger  expan- 
sions than  similar  concrete  containing  the 
other  two  aggregates.  In  many  cases  the 
appearance  of  map-cracks  on  the  surfaces 
of  the  specimens  provided  visual  evidence 
of   abnormal    expansion. 

3.  The  abnormal  expansion  that  devel- 
oped when  the  Platte  River  sand-gravel  was 
used  as  total  aggregate  appeared  to  be  due 
to  some  characteristic  related  to  its  mineral 
composition  rather  than  to  its  grading  or 
to  the  high  cement  content  normally  used 
with  this  type  of  material. 

4.  In  the  concrete  specimens  containing 
the  Platte  River  sand-gravel  as  total  aggre- 
gate, the  magnitude  of  the  expansions  was 
influenced  to  a  marked  degree  by  certain 
differences  in  the  properties  of  the  four 
cements  used.  However,  there  was  no  re- 
lation observed  in  this  study  between  the 
amount  of  expansion  and  any  of  the  phys- 
ical or  chemical  properties  of  the  cements. 

5.  Adding  crushed  limestone  with  a  max- 
imum size  of  1  V2  inches  to  the  Platte  River 


1  A  study  of  map  cracking  in  sand-gravel  pavements, 
by  W.  E.  Gibson.  Proceedings  of  the  Highway  Re- 
search Board.  Vol.  18,  Part  I,   1938,  p.  227. 

-  Volume  changes  in  sand-gravel  concrete,  by  F.  H. 
Jackson  and  W.  F.  Kellermann.  Proceedings  of  the 
Highway  Research  Board,  Vol.  22,  1942,  p.  252. 

3  Volume  changes  in  sand-gravel  concrete,  by  F.  H. 
Jackson  and  A.  G.  Timms.  Proceedings  of  the  High- 
way Research  Board,  Vol.  29,  1949,  p.  212. 


Figure   1. — Typical    map-cracking    of    sand- 
gravel   concrete   pavement. 
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Table    1. Chemical    and    physical    properties    of    portland    cements 


Portland  cement 

1 

2 

3 

4 

Chemical  analyses  (percent): 

Silica  (SiOj) 

21    95 

20  60 

22   71 

23    16 

Alumina  (Al  ( >  1 

5  57 

7  74 

4   72 

5    1  1 

Ferric  oxide  (Fe20s) .  . 

3.20 

2  65 

4   60 

3   67 

Lime  (CaO) 

62   70 

62   70 

62   54 

64  28 

Magnesia  (MgO). 

2.99 

2   77 

2  77 

1    15 

Sulfuric  anhydride  (SO) 

1.70 

1.79 

1.51 

1  .32 

Sodium  oxide  (Na»0). 

.26 

.67 
.70 

.52 

.36 
.56 
.73 
.38 

.19 
.43 
.47 
.18 

.26 

.  17 
.57 
.21 

Potassium  oxide  1  K  Oi 

Alkali  calculated  as  Nad 

Water-soluble  alkali  calculated  as  Na>0   - 

Computed  compound  composition  '  (percent) 

Tricalcium  silicate  (CiS)    .... 

42 

32 

9 

10 
2.8 

38 
31 
16 

8 

3.0 

39 
36 

5 
14 

2.5 

42 
35 

7 
11 

2.1 

Dicalcium  silicate  (C2S)    .  . 

Tricalcium  aluminate  (CiA)    . 

Tetracalcium  alumino  ferrite  (Ci  \F 

Calcium  sulfate  (CaSOi) . 

Physical  properties: 

Specific  surface  (Wagner)                                 cm.2  per  gm 

1.850 

1.705 

1 .  965 

1.815 

Sugar  test  (Merriman): 

Neutral  point 

ml 

33.2 

36.8 

2.7 

2.7 

Clear  point 

ml 

48.1 

57  . 5 

2.7 

2.7 

Autoclave  expansion .  . 

.    percent . . 

.09 

.42 

.05 

.01 

Normal  consistency 

percent 

24.5 

25.5 

23.5 

24.0 

Tensile  strength  (1:3  mortar): 

At  7  days                                                     lb. 

per  sq.  in 

305 

340 

315 

360 

At  28  days lb. 

per  sq.  in. 

375 

420 

115 

435 

1  The  compound  compositions  given  are  in  "shorthand"  form. 


sand-gravel,  in  the  proportion  of  about  50 
percent  by  weight  of  the  total  aggregate, 
eliminated  the  abnormal  expansion.  This 
was  true  for  all  four  of  the  cements  in- 
cluded in  this  investigation. 

6.  Concrete  containing  the  sand  and 
gravel  from  Long  Island,  an  aggregate  es- 
sentially siliceous  in  character,  developed 
greater  expansions  than  similar  concrete 
containing  the  essentially  calcareous  sand 
and  gravel  from  Chicago.  This  applied 
to  all  three  gradings  in  which  these  ma- 
terials were  used  and  to  all  four  cements. 

7.  Both  the  specimens  containing  a  blend 
of  the  Platte  River  sand-gravel  and  crushed 
limestone  and  the  specimens  containing  the 
Long  Island  sand  and  gravel,  when  used 
in  normal  gradation  in  combination  with 
the  two  cements  relatively  high  in  com- 
puted tricalcium  aluminate,  developed 
greater  expansions  than  similar  specimens 
containing  the  two  cements  having  rela- 
tively low  percentages  of  this  compound. 
However,  this  trend  was  not  noted  in  the 
specimens  containing  the  sand  and  gravel 
from   Chicago. 

8.  These  tests  indicate  that  aggregate 
characteristics  other  than  size  and  grading, 
such  as  particle  shape,  surface  texture, 
mineral  composition,  etc.,  will  affect  the 
amount  of  cement  necessary  to  maintain  a 
given  consistency,  using  a  fixed  water- 
cement  ratio,  to  a  much  greater  extent  than 
has  been  commonly  assumed. 

Use   of   Sand-Gravel 

The  lack  of  suitable  deposits  of  coarse 
aggregate  for  concrete  in  many  parts  of 
Kansas  and  Nebraska,  and  in  certain  sec- 
tions of  western  Missouri  and  Iowa,  has 
led  to  the  extensive  use  of  a  naturally 
occurring  mixture  of  sand  and  fine  gravel 
as  total  aggregate  for  concrete  work  in 
these  regions.  This  material,  substantially 
all  of  which  passes  a  %-inch  sieve,  is  known 
locally    as    "mixed     aggregate"    or    "sand- 


gravel."  Concrete  in  which  it  is  used  is 
known  as  sand-gravel  concrete  to  distingu- 
ish it  from  concrete  containing  normally 
graded  coarse  aggregate,  which  is  called 
locally  "fine-and-coarse-aggi-egate"  concrete. 


The  sand-gravels  vary  somewhat  in  mineral 
composition  from  place  to  place,  but  in 
general  they  are  composed  of  quartz  and 
granitic  materials  with  varying  amounts  of 
feldspar  and  very  little  limestone  or  other 
calcareous    material. 

The  local  sand-gravel  deposits,  widely 
distributed  along  the  beds  of  such  streams 
as  the  Arkansas  and  Kaw  Rivers  in  Kansas 
and  the  Platte  River  in  Nebraska,  furnish 
the  only  type  of  aggregate  available  in 
many  parts  of  these  States.  These  aggre- 
gates in  general  are  reasonably  well  graded 
from  %-inch  down,  although  the  process 
of  washing  results  in  a  deficiency  in  the 
finer  sand  sizes,  particularly  in  the  ma- 
terial passing  the  No.  50  sieve.  The  avail- 
ability of  these  deposits  makes  them  ex- 
ceedingly attractive  from  the  economic 
point  of  view,  even  though  the  fine  grading 
has  in  some  cases  necessitated  the  use  of 
cement  contents  as  high  as  7.5  to  8.0  sacks 
per  cubic  yard  in  order  to  meet  require- 
ments  for   design    strength. 

The  belief  that  these  materials  were  of 
satisfactory  quality,  and  the  fact  that  they 
were  so  readily  available,  resulted  in  their 
use  in  the  construction  of  a  substantial 
mileage  of  concrete  pavements  in  Kansas 
and    Nebraska.     For   example,  most  of  the 


Table    2. — Grading,    specific    gravity,    weight,    and    absorption    of   aggregates 


Grading  1 
tas  used) 

\ 

Grading  2 
(as  used) 

Grading  3  ' 

Aggregate 

Combined 
(as  used) 

0 
33 

54 
61 
72 
79 
86 
91 
99 

5.84 

Fine 

Coarse 

0 
55 
83 
100 
100 
100 
100 
100 
100 

7.3S 

1  2 .  60 
2.63 
2.65 

1   101 

11 1 

103 

1  1.17 
.  30 

1  .  79 

Grading:  percentage  retained  on — 

0 
5 
10 
30 
55 
80 
95 
100 

3.75 

2.61 
2.65 
2 .  62 

116 
112 
110 

0.32 

.29 

2 .  34 

0 
5 
10 
30 
50 
65 
80 
95 

3.35 

2.61 
2.65 
2.62 

122 

117 
117 

0.32 

.23 

1.93 

0 
20 
40 
60 
84 
97 

3.01 

2.61 
2.66 
2.62 

11H 
I'll 
110 

0  .  27 

.31 

1.69 

No.  30  sieve 

Fineness  modulus 

Bulk  specific  gravity  (dry) : 
A — Platte  River 

Weight,  dry  rodded  (lb.  per  cu.  ft.)  : 
A — Platte  River 

C — Chicago 

Absorption  (percent) : 
A — Platte  River 

B — Long  Island 

C—  Chicago 

1  For  this  grading,  where  the  Platte  River  combination  was  used,  the  materials  inciu  ie  a  combination 
aggregate,  grading  1,  and  sufficient  crushei  limestone  to  give  desired  grading. 

Table    3. — Other    physical    properties   of   aggregates 


of  Platte  River 


Aggregate 

A— Platte 
River 

B — Long 
Island 

C — Chicago 

Soundness  (sodium  sulfate  loss  at  5  cycles)  '....                          .    percent 
Resistance  to  abrasion  (Los  Angeles  loss  for  grading  1 )  i '•'                percent 

Organic  matter  (color  test) 

Mortar  strength  ratio,  7  days  3 

3.2 
29.0 
OK 
.94 

4.4 
2i.S 
OK 
1  .05 

10.2 
21.7 
OK 

.90 

Weighted  average  loss  based  on  grading  1. 
!  A.S.T.M.  standard  C  131-39,  tentative  revision  1942. 
'  A.S.T.M.  standard  C  87-42. 
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Table   4. — Mineral   analyses   of  aggregates 


1  Gravel  size  considered  as  material  retained  on  No.  4  sieve,  sand  as  that  passing  No.  4  sieve. 
!  Consists  of  quartz  and  feldspar  with  occasional  biotite. 
1  This  size  Platte  River  aggregate  not  available. 
<  Trace. 


Rock  or  mineral 

Percentage  composition  for  eacr 

sieve  size  indicated 

Average  composition  > 

\y2-  to 

%  -inch 

M-to 

•S^-inch 

!Hrinch  to 
No.  4 

No.  4  to 
No.  8 

No.  8  to 
No.  16 

No.  16  to 
No.  30 

No.  30  to 
No.  50 

No.  50  to 
No.  100 

Passing 
No.  100 

Gravel 

Sand 

A — Platte  River  aggregate: 

(') 

59 
19 
8 
3 
4 
3 
2 

T 

T 

T 

51 

25 

19 

T 

3 

1 

32 

40 

25 

T 

1 

1 

8 
34 
55 
T 

3 
T 

3 
21 
74 

1 

T(<) 
11 
89 

T 

55 
22 
13.5 

1.5 

3.5 

2 

1 
T 
T 
T 

7.1 

18.8 

72.1 

.6 

.6 

.3 

4 
96 
T 

3 

94 
3 

Chert 

1 

T 

T 

T 

T 

Epidosite 

T 
T 
T 

92.8 

2.2 

.3 

T 

T 

Biotite 

T 

95 
T 

B — Long  Island  aggregate: 

87 
13 

71 

16 

1 

1 
3 

4 

4 

74 
9 
3 

83 
5 
2 

92 

4 

93 
3 

96 
1 

98 

77.3 
12.6 

1.3 
.3 

1 

2.8 

2.3 

2 
.6 
T 

3 
3 
6 
2 

T 

.8 
1.3 

.7 

T 

.3 
T 

.3 
T 

81.5 
1.1 
1.5 

1.3 
14.5 

Mica  schist 

4 
4 
2 

1 
1 
1 

3 

1 

T 

Gneiss 

Sandstone 

T 

Biotite 

T 
T 
T 

Muscovite 

Hornblende 

Sericite 

T 

61 
4 
1 

C — Chicago  aggregate: 

Dolomite 

Ouartzite 

Trap 

82 

11 

7 

98 

89 
3 

4 

95 

92 

91 

72 
3 

1 

78 

89.6 

4.6 

3.6 

.6 

1.3 

2 

2 

3 

T 

2 

Chert 

4 

2 

1 

4 

2 

2 

4 

24 

34 

22 

original  concrete  pavement  along  U  S 
30  in  Nebraska  was  of  this  type.  This 
route  follows  the  Platte  River  for  many 
miles  and  the  local  sand-gravel  is  available 
at  almost  any  point  along  the  road  with 
very   short  haul. 

Unfortunately,  the  sand-gravel  type  of 
concrete  pavement  has  not  proved  entirely 
satisfactory.  Defects  in  the  form  of  map- 
cracking  of  the  surface  frequently  de- 
veloped on  many  sections  within  a  few  years. 
Sometimes  these  defects  led  to  progressive 
failure  of  a  type  which  eventually  required 
repair  or  replacement  of  the  affected  areas. 
A  survey  of  Nebraska  pavements  conducted 
in  1939  by  the  Bureau  of  Public  Roads 
in  cooperation  with  the  State  Department 
of  Roads  and  Irrigation  revealed  that  about 
one-third  of  the  approximately  500  miles 
of  sand-gravel  concrete  pavement  surveyed, 
all  of  which  was  constructed  between  1925 
and  1935,  had  developed  map-cracking  of 
a  type  which  appeared  to  be  progressive.  In 
contrast  to  these  observations  on  sand- 
gravel  concrete,  no  evidence  of  map-crack- 
ing had  developed  up  to  1939  on  any  of 
the  pavements  laid  with  fine-and-coarse 
aggregate  concrete. 

Map-Cracking 

Map-cracking  as  used  in  this  report  may 
be  defined  as  the  type  which  forms  a  pattern 
of  irregularly  shaped  blocks  in  the  surface 
of  the  concrete.  Map-cracking  per  se  is 
not  necessarily  serious;  nor  does  it  neces- 
sarily lead  to  disintegration  or  complete  fail- 
ure. Some  badly  map-cracked  pavements 
have  proved  durable  under  severe  weather- 


ing conditions.  However,  when  map-crack- 
ing is  accompanied  by  other  evidences  of 
abnormal  expansion,  deep  scaling,  or  un- 
soundness, as  revealed  by  a  lack  of  ring 
under  the  hammer,  it  can  be  generally  as- 
sumed to  be  of  the  progressive  type.  An 
advanced  stage  of  map-cracking  of  this 
type  is  shown  in  figure  1.  Such  a  condition 
is  evidence  of  disintegration  even  though 
under  favorable  conditions  it  may  be  pos- 
sible to  maintain  traffic  over  the  road  for 
many  years  without  the  necessity  of  making 
extensive  repairs  or  replacements. 

The  fact  that  map-cracking  sometimes 
develops  on  roads  carrying  comparatively 
light  traffic  would  indicate  that  the  funda- 
mental causes  underlying  the  initial  crack- 
ing are  independent  of  this  factor.  The 
primary  cause  appears  to  be  excessive  and 
abnormal  expansion  of  the  concrete.  Evi- 
dence of  this  is  found  in  the  closed  expan- 
sion joints  which  usually  accompany  the 
appearance  of  map-cracking.  Furthermore, 
this  expansion  seems  to  be  confined  to  the 
sand-gravel  concrete,  being  almost  entirely 
absent  on  pavements  containing  the  conven- 
tional fine-and-coarse  aggregate  type  of 
concrete. 

Object   of   the   Investigation 

One  of  the  objects  of  this  investigation 
was  to  determine  whether  the  characteris- 
tic map-cracking  which  is  frequently  asso- 
ciated with  the  use  of  sand-gravel  as  total 
aggregate  could  be  reproduced  in  the  labo- 
ratory. As  early  as  1938  Gibson  had  shown 
that  this  type  of  failure  could  be  developed 
in  the  laboratory  by   subjecting  specimens 


of  concrete  to  alternations  of  heating  and 
cooling  and  wetting  and  drying  without  the 
introduction  of  a  freezing  cycle.  It  was 
considered  desirable  to  continue  the  line  of 
attack  suggested  by  Gibson  by  making  a 
series  of  tests  which  would  include,  in  ad- 
dition to  the  Platte  River  aggregate,  ma- 
terials from  two  other  sources  differing 
widely  from  it  and  from  each  other  in 
mineral  composition.  It  was  also  consid- 
ered desirable  to  study  the  behavior  of  con- 
crete containing  these  other  materials  when 
graded  exactly  the  same  as  the  Platte  River 
aggregate.  In  addition,  the  tests  were 
planned  to  compare  the  behavior  of  con- 
crete containing  the  Platte  River  material 
with  sufficient  added  crushed  limestone  to 
make  a  conventional  total  aggregate  grada- 
tion, with  that  of  concrete  of  the  same 
proportions  containing  the  other  two  aggre- 
gates. Complete  descriptions  of  the  ma- 
terials, the  mix  data,  and  the  weathering 
cycles  used  in  the  study  follow. 

Cements   and   Aggregates 

Thirty-six  combinations  of  materials  in- 
volving four  cements  and  three  aggregates 
in  each  of  three  gradations  were  used  in 
these  tests.  The  cements  were  chosen  to 
give  a  considerable  range  in  chemical  com- 
position, particularly  with  respect  to  the 
percentage  of  computed  tricalcium  alumi- 
nate  (GA).  The  results  of  physical  tests 
and  chemical  analyses  of  the  cements  are 
given  in  table  1.  Major  differences  in  the 
cements  were  as  follows: 
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Cement  /.— A.S.T.M.  type  I,  with  9  per- 
cent tricalcium  aluminate  (C3A),  low  auto- 
clave expansion,  high  Merriman  sugar-test 
value,  0.70  percent  total  alkali,  and  0.52 
percent  water-soluble  alkali. 

Cement  2.— A.S.T.M.  type  I,  with  16  per- 
cent tricalcium  aluminate  (C»A),  relatively 
high  autoclave  expansion,  high  sugar-test 
value,  0.73  percent  total  alkali,  and  0.38 
percent  water-soluble  alkali. 

Cement  3. — A.S.T.M.  type  II,  with  5  per- 
cent tricalcium  aluminate  (C3A),  low  sugar- 
test  value,  low  autoclave  expansion,  0.47 
percent  total  alkali,  and  0.18  percent  water- 
soluble  alkali.  Cement  3,  in  addition  to 
meeting  the  A.S.T.M.  requirements,  also 
met  the  requirements  of  the  New  York  City 
Board  of  Water  Supply.  It  would  there- 
fore be  classified  as  a  "Merriman"  cement.4 

Cement  '1. — A.S.T.M.  type  II  with  7  per- 
cent tricalcium  aluminate  (CA),  low 
sugar-test  value,  low  autoclave  expansion, 
0.57  percent  total  alkali,  and  0.21  percent 
water-soluble  alkali.  Cement  4  was  also 
classified  as  a  Merriman  cement. 

It  will  be  observed  from  table  1  that  ce- 
ment 2  has  a  considerably  higher  autoclave 
expansion  than  the  other  three.  It  is  also 
the  coarsest  in  terms  of  specific  surface. 
It  is  of  interest  that  cements  2  and  3  were 
from  the  same  mill,  the  former  being  the 
regular  commercial  product  and  the  latter 
a  cement  modified  to  meet  the  requirements 
of  the  New  York  Board  of  Water  Supply. 
It  should  be  noted  that  this  work  was 
initiated  before  the  question  of  an  alkali- 
aggregate  reaction  as  possibly  contributing 
to  map-cracking  had  been  raised.  For  this 
reason  no  attempt  was  made  to  secure  wide 
variations  in  the  alkali  contents  of  the  four 
cements. 

The  physical  properties  of  the  aggregates 
are  given  in  tables  2  and  3  and  the  mineral 
composition  of  the  various  size  fractions  in 
table  4.  All  three  of  the  aggregates  met 
the  conventional  A.S.T.M.  physical  test  re- 
quirements for  concrete  aggregates.  A 
general  description  of  the  aggregates  fol- 
lows: 

Aggregate  A.  -  -  Sand-gravel  from  the 
Platte  River  at  Schuyler,  Nebr.,  composed 
essentially  of  granite,  quartz,  and  feldspar, 
with  about  0.3  percent  material  classified  as 
opal.  The  amount  of  feldspar,  predomi- 
nantly potash  (orthoclase  and  microcline) , 
varied  widely  in  the  different  sizes  from  a 
high  of  40  percent  in  the  No.  4-8  sieve  size 
to  a  low  of  3  percent  in  the  material  pass- 
ing the  No.  100  sieve.  This  aggregate  has, 
in  general,  a  poor  service  record. 

Aggregate  B. — Sand  and  gravel  from 
Long  Island,  N.  Y.,  (the  so-called  "Cowe 
Bay"  material).  The  sand  and  gravel  were 
almost    entirely    siliceous,    being    composed 


Table    5. — Mix   data1 


*  The  term  "Merriman"  cement  is  frequently  used  to 
define  Portland  cement  that  will  meet  the  specifications 
of  the  Board  of  Water  Supply  of  the  City  of  New 
York,  edition  of  1937.  These  specifications,  which  con- 
tain certain  special  requirements  not  found  in  the 
A.S.T.M.  specifications,  were  developed  by  the  late 
Thaddeus  Merriman,  consulting  engineer  for  the  Board 
for  many  years.  Mr.  Merriman  felt  that  his  special 
requirements  were  necessary  in  order  to  insure  proper 
burning,  thereby  insuring  a  more  volume  constant  and 
a  more  durable  product. 


Proportions  by 

Cement 

Actual  cement 

Net  water  con- 

Weight of  fresh 
concrete 

and 

content  (sacks 

tent  (gal.  per 

Dry  weight                  Absolute  volume 

per  cu.  yd.) 

sack) 

(lb.  per  cu.  ft.) 

Series  I,  Grading  1 

1-A 

1:4.10 

1:4.92 

7.4 

5.0 

143 

1-B 

1 

:3.73 

1:4.43 

7.9 

5.0 

143 

1-C 

1 

:3.39 

1:4.05 

8.5 

5.0 

145 

2-A 

1 

•3.83 

1:4.60 

7.7 

5.0 

142 

2-B 

1 

3.15 

1 : 3 . 74 

8.7 

5.0 

140 

2-C 

1 

2.98 

1:3.56 

9.2 

5.0 

143 

3-A 

1 

4.01 

1:4.82 

7.6 

5.0 

144 

3-B 

1 

3.44 

1:4.08 

8.3 

5.0 

142 

3-C 

1 

3.30 

1 : 3 . 94 

8.6 

5.0 

145 

4-A 

1 

4.12 

1:4.95 

7.4 

5.0 

143 

4-B 

1 

3.61 

1:4.28 

8.0 

5.0 

140 

4-C 

1 

3.30 

1:3.94 

8.6 

5.0 

144 

Series  I,  Grading  2 

1-A 

1:4.04 

1:4.86 

7.5 

5.0 

144 

1-B 

1 

3.53 

1 

4.20 

8.1 

5.0 

141 

1-C 

1 

3.10 

1 

3.70 

9.0 

5.0 

145 

2-A 

1 

3.62 

1 

4.35 

8.1 

5.0 

143 

2-B 

1 

3.02 

1 

3.59 

9.0 

5.0 

140 

2-C 

1 

2.71 

1 

3.24 

9.8 

5.0 

143 

3-A 

1 

3.87 

1 

4.65 

7.8 

5.0 

144 

3-B 

1 

3.30 

1 

3.91 

8.6 

5.0 

142 

3-C 

1 

3.17 

1 

3.79 

8.9 

5.0 

145 

4-A 

1 

4.13 

1 

4.96 

7.4 

5.0 

144 

4-B 

1 

3.50 

1 

4.15 

8.2 

5.0 

140 

4-C 

1 

2.93 

1 

3.49 

9.3 

5.0 

143 

Series  II,  Grading  1 2 

1-A 

1:4.10 

1:4.92 

7.4 

5.0 

142 

1-B 

1 

4.10 

1 

4.86 

7.2 

5.8 

140 

1-C 

1 

4.10 

1 

4.89 

7.2 

6.3 

144 

2-A 

1 

3.83 

1 

4.60 

7.8 

5.0 

143 

2-B 

1 

3.83 

1 

4.55 

7.4 

6.0 

139 

2-C 

1 

3.83 

1 

4.57 

7.5 

6.1 

143 

3-A 

1 

4.01 

1 

4.82 

7.6 

5.0 

144 

3-B 

1 

4.01 

1 

4  .  76 

7.2 

(i.l 

140 

3-C 

1 

4.01 

1 

4.79 

7.3 

6.4 

143 

4-A 

1 

4.12 

1 

4.95 

7.3 

5.0 

141 

4-B 

1 

4.12 

1 

4.89 

7.0 

5.9 

138 

4-C 

1 

4.12 

1 

4.92 

7.0 

6.7 

142 

Series  II,  Grading  2  ■ 

1-A 

1:4.04 

1:4.86 

7.5 

5.0 

144 

1-B 

1 

4.04 

1 

4.80 

7.2 

6.0 

140 

1-C 

1 

4.04 

1 

4.83 

7.2 

6.4 

143 

2-A 

1 

3.62 

1 

4.35 

8.1 

5.0 

143 

2-B 

1 

3.62 

1 

4.29 

7.8 

5.8 

139 

2-C 

1 

3.62 

1 

4.32 

7.8 

6.1 

142 

3-A 

1 

3.87 

1 

4.65 

7.8 

5.0 

144 

3-B 

1 

3.87 

1 

4.60 

7.4 

5.9 

140 

3-C 

1 

3.87 

1 

4.62 

7.5 

6.1 

143 

4-A 

1 

4.13 

1 

4.96 

7.4 

5.0 

143 

4-B 

1 

4.13 

1 

4.90 

7.0 

6.1 

138 

4-C 

1 

4.13 

1 

4.93 

7.1 

6.4 

142 

Series  I  and  II,  Grading  3 

1-A                     1 

2.53:4.49                      1 

3.04:5.43 

5.1 

6.1 

152 

1-B                     1 

2.43:4.49                       1 

2.86:5.37 

5.1 

6.0 

151 

1-C                     1 

2.43:4.49                       1 

2.92:5.31 

5.1 

6.3 

154 

2-A                       1 

2.53:4.49                       1 

3.04:5.43 

5.1 

5.8 

152 

2-B                        1 

2.43:4.49                      1 

2.86.5.37 

5.1 

6.0 

151 

2-C                       1 

2.43:4.49                       1 

2.92:5.31 

5.1 

6.6 

153 

3-A                       1 

2.53:4.49                       1 

3.04:5.43 

5.1 

6.1 

152 

3-B                       1 

2.43:4.49                      1 

2.86:5.37 

5.1 

6.0 

152 

3-C                       1 

2.43:4.49                     1 

2.92:5.31 

5.1 

6.5 

153 

4-A                      1 

2.53:4.49                     1 

3.04:5.43 

5.1 

5.8 

152 

4-B                        1 

2.43:4.49                       1 

2.86:5.37 

5.1 

6.0 

150 

4-C                        1 

2.43:4.49                       1 

2.92:5.31 

5.1 

6.5 

152 

1  Slump  for  gradings  1  and  2  in  both  series  was  approximately  1  inch;  for  grading  3,  2]4  inches.  Fineness  modulus  was 
3.75  for  grading  1,  3.35  for  grading  2,  and  5.84  for  grading  3. 

2  In  the  case  of  aggregate  A  (Platte  River)  for  Series  II,  the  proportions  and  water  content  for  each  cement  and  grading 
are  the  same  as  was  used  for  the  corresponding  combinations  in  series  I.  In  the  case  of  aggregates  B  (Long  Island)  and  C 
(Chicago),  the  proportions  were  the  same  as  were  used  for  the  corresponding  combinations  involving  aggregate  A.  The 
water  content  was  varied  to  maintain  the  desired  slump. 


of  about  90  percent  quartz  and  quartzite, 
with  practically  no  feldspar.  This  aggre- 
gate has  an  excellent  service  record. 

Aggregate  C. — Sand  and  gravel  from 
Plainfield,  111.,  in  the  Chicago  area.  In  con- 
trast with  aggregate  B,  it  was  almost  en- 
tirely dolomitic  in  composition,  the  sand 
being  about  80  percent  and  the  gravel  about 
90    percent    dolomitic    material.     About    15 


percent  of  .the  sand  was  quartz.  This  ag- 
gregate also  has  an  excellent  service  rec- 
ord. 

Grading   and   Proportioning 

Three  different  aggregate  gradations  were 
investigated.  Sieve  analyses  of  the  various 
aggregates  and  aggregate  combinations  are 
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Figure   2. — Horizontal   comparator   with    test   specimen 

.     A  summary  of  the  grad- 


given  in  table  2 
ings  follows: 

Grading  1. — The  gradation  of  the  Platte 
River  sand-gravel  as  normally  used:  In 
reality  a  coarse  sand,  only  5  percent  being 
retained  on  the  %-inch  sieve  and  only  5  per- 
cent passing  the  No.  50  sieve. 

(hading  ... — The  same  as  grading  1  but 
with  sufficient  fines  added  (from  the  same 
source)  to  bring  the  total  passing  the  No. 
50  sieve  up  to  20  percent.  The  maximum 
size  was   not  increased. 

Grading  3.  —  A  conventional  aggregate 
gradation,  from  lVk-inch  size  down,  with 
64  percent  retained  on  the  No.  4  sieve.     For 


aggregate  A  this  was  accomplished  by  add- 
ing crushed  limestone    (lV2-inch  to   %-inch 


in  size)  from  Bethany  Falls,  Kans.,  to  the 
Platte  River  material  (a  pi-ocedure  locally 
known  as  "sweetening"),  resulting  in  a  com- 
bined aggregate  consisting  of  53  percent 
limestone  and  47  percent  sand-gravel  by 
weight.  For  aggregates  B  and  C  the  total 
aggregate  was  obtained  by  using  gravel 
from  the  same  source  as  the  sand,  the 
gradings  being  practically  identical  with 
that  used  for  aggregate  A  combined  with 
the   crushed    limestone. 

Each  of  the  four  cements  and  three  ag- 
gregates was  tested  in  each  of  the  three 
gradations,  making  36  combinations  in  all. 
Two  series  of  tests  were  run  and  two  speci- 
mens were  cast  for  each  combination  in 
each  series,  making  a  total  of  144  specimens 
in  the  entire  program. 

In  test  series  I,  for  gradings  1  and  2 
the    proportions    were    determined    on    the 

ORIGINAL  BEAM  BEFORE    TEST 
.6x6x20    in 


AFTER   TEST  [TOP] 
20  23     in 


AFTER   TEST  [AXIS] 
20187  in 


10  in  goge  line 


AFTER    TESTfBOTTOM] 
-2016    in 


Figure    3. — Exaggerated    sketch    of    test    beam    after    carious   exposure   cycles,    showing   typi- 
cal   expansions. 


Table    6. Cumulative    changes    in    length  '    after    various    storage    periods 


Cement  and  aggregate 

Test  Series  I:  Percentage  change  in  length  after  storage  of — 

1 

Test  Series  II:  Percentage  change  in  length  after  storage  of — ■ 

160  days 
(cycle  A) 

360  days 
(cycle  B) 

660  davs 
(cycle  C) 

2,450  days 
(cycle  D) 

3,270  days 
(cycle  E) 

160  days 
(cycle  A) 

360  days 
(cycle  B) 

660  davs 
(cycle  C) 

2,450  day; 
(cycle  D) 

3.270  days 
(cycle  E) 

Grading  1 

1    \ 
1-R 

-0.005 
-.006 
-.017 

-  .  005 
-.008 
-.019 
-.010 
-.012 
-.017 
-.010 

-  .016 

0.001 
-.002 

-  .010 
.008 
.002 

-.006 
-.011 
-.013 
-.012 

-  .  005 

-  01  I 

0.772 
.044 
.010 
.118 
.038 
.015 
.  223 
.010 
.006 

3 1 1; 

.009 
-.002 

0.940 
.108 
.038 
.156 
.047 
.052 
.459 

.036 
.529 
.043 
.010 

0.968 
.096 
.003 
.143 
.034 
.013 
.508 

.004 

:,  is 

.017 

-.006 

-0.009 
-.010 
-.019 
-.010 
-.011 
-.027 
-.009 
-.017 
-.023 
-.015 
-.013 
-.028 

-0.002 
-.001 
-.003 
.007 
.006 
-.007 
-.005 
-.005 
-.003 
-.010 
-.004 
-.013 

0 .  752 
.102 
.016 
.124 
.022 
.011 
.445 
.019 
.016 
.106 
.017 
-.005 

0 .  952 
.172 
.023 
.176 
.028 
.016 
.648 
.032 
.023 

.020 

0 

0.976 
.169 
.001 
.147 
.017 

-.002 
.686 
.013 
.004 

.004 
-.001 

1    (' 
'2    A 

2   B 

2-C 

3   A 

3  B 
3  C 

4-A. 
4-B 

4-C 

-.022    |              -.015 

Grading  2 

1-A 
1-R 
1-C 
2-A 
2   B 
2-C 

-0.010 
-.007 
-.018 
-.006 
-.012 
-.022 
-.013 
-.020 
-.015 
-.016 
-.013 
-.021 

0 
ii. mil 
-.015 
.002 
.003 
-.010 
-.017 
-.017 
-.014 
-.015 
-.016 
-.016 

0 .  498 
.033 
.011 
.082 
.033 
.018 
.030 
.012 
.010 
.008 
.007 
.003 

0.605 
.072 
.026 
.098 
.060 
.041 
.095 
.057 
.026 
.038 
.019 
.014 

.607 
.059 
0 
.093 
.039 
.010 
.099 
.045 
.009 
.011 
.008 
-.001 

-0.010 
-.010 
-.019 
-.015 
-.014 
-.021 
-.020 
-.017 
-.021 
-.015 
-.019 
-.020 

-0.006 
-.001 
-.011 
.001 
.002 
-.006 
-.019 
-.006 
-.008 
-.014 
-.010 
-.007 

0.646 
.041 
.013 
.115 
.030 
.022 
.144 
.022 
.010 
.027 
.010 
.008 

0.720 
.042 
.019 
.148 
.033 
.036 
.204 
.033 
.013 
.041 
.019 
.013 

0.728 
.057 
0 
138 
.035 
.012 
.195 
.012 
.003 
.020 
.005 
.001 

3- A 

3-B 

3-C 

4-A 

4    R 
4-C 

Grading  3 

1    A 
IB 

-0.003 
-.004 
-.004 
-.004 
0 
-.007 
-.008 
-.010 
-.013 
-.009 
-.006 
-.009 

-0.001 
-.004 

.002 
0 

.004 
-.005 
-.006 
-.003 
-.001 
-.003 

.001 
-.001 

0.022 
.062 
.009 
.012 
.024 
.007 
.005 
.016 
.008 
.004 
.039 
.002 

0.042 
.187 
.024 
.107 
.072 
.043 
.014 
.030 
.027 
.010 
.046 
.013 

0.033 
.163 
.016 
.081 
.078 
.014 
.009 
.023 
.016 
.007 
.033 
.007 

-0.001 
-.006 
-.012 
-  .  005 
-.007 
-.018 
-.007 
-.012 
-.015 
-.009 
-.013 
-.014 

0.006 

.002 

.006 

.003 

.004 

-.003 

.001 

0 

.001 

-.002 

-  .  004 

-.002 

0.035 
.101 
.019 
.023 
.030 
.016 
.016 
.028 
.015 
.012 
.014 
.014 

0.047 
.169 
.020 
.108 
.068 
.029 
.026 
.032 
.017 
.015 
.019 
.014 

0.C41 
.184 
.013 
.103 
.075 
.012 
.018 
.032 
.016 
.019 
.010 
.011 

t-C 

-1    \ 
2-R 

2-C 
3-A 
3   R 

3-C 

4    A 
4-B 

1    I' 

Each  value  is  the  average  <>f  tests  of  two  beams 
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basis  of  an  approximately  constant  slump 
and  a  constant  water-cement  ratio  of  0.67 
by  volume  (5.0  gallons  per  sack),  for  all 
combinations  of  cements  and  aggregates. 
This  resulted  in  average  cement  contents 
of  about  7.6  sacks  per  cubic  yard  for  the 
Platte  River  material,  or  about  the  same 
as  used  in  the  roads  which  had  given 
trouble.  The  corresponding  cement  factors 
for  aggregates  B  and  C  were  considerably 
higher,  averaging  about  8.4  for  aggregate 
B  and  9.0  for  aggregate  C.  For  both  grad- 
ings  1  and  2  a  slump  of  approximately  1 
inch  was  used,  as  this  is  the  consistency 
normally  employed  in  actual  construction 
with  sand-gravel   aggregate. 

In  test  series  II,  for  gradings  1  and  2 
identical  proportions  (by  weight)  and  con- 
sistency were  used  for  all  three  aggregates 
and  a  given  cement  as  were  used  in  series 
I  with  that  same  cement  and  the  Platte 
River  material  (aggregate  A).  This  was 
for  the  purpose  of  equalizing  somewhat 
the  variations  in  cement  content  which  re- 
sulted from  the  use  of  a  constant  water- 
cement  ratio  in  test  series  I.  The  resultant 
water-cement  ratios  in  test  series  II  varied 
considerably,  running  as  high  as  6.7  gal- 
lons per  sack  as  compared  to  the  5.0  gallons 
per  sack  used  in  all  mixes  containing  the 
Platte  River  material. 

For  grading  3  (the  normal  concrete  grad- 
ing) in  both  test  series  I  and  II,  the  com- 
binations were  proportioned  on  the  basis 
of  an  approximately  constant  cement  factor 
of  5  sacks  per  cubic  yard,  with  the  slump 
maintained  at  approximately  2%  inches. 

It  will  be  seen  from  the  foregoing  that, 
for  each  variable  involving  aggregate  A 
in  gradings  1  and  2,  results  based  on  four 
specimens  of  a  kind  (two  in  series  I  and 
two  in  series  II)  were  obtained  as  compared 
to  two  specimens  of  a  kind  in  the  case  of 
aggregates  B  and  C.  Thus,  for  aggre- 
gate A,  series  II  served  as  a  check  on  series 
I.  For  grading  3,  all  of  the  data  from 
series  II  served  as  a  check  on  series  I  inas- 
much as  the  same  mixes  were  used  for  both. 
Complete  mix  data  are  given  in  table  5. 

Mixing   and   Storage 

Aggregates  in  gradings  1  and  2  and  the 
fine  aggregate  fraction  of  grading  3  con- 
tained some  free  water  at  the  time  of  mix- 
ing. The  coarse  aggregates  used  in  grad- 
ing 3  were  in  a  saturated  and  surface-dry 
condition  at  time  of  use.  The  necessary 
corrections  for  free  water  were  made  when 
computing  the  net  water-cement  ratios. 
Mixing  was  done  in  an  open-pan  Lancaster 
mixer,  sufficient  concrete  for  one  6  by  6  by 
20-inch  specimen  being  mixed  at  one  time. 
One  specimen  for  each  of  the  three  aggre- 
gates, the  three  gradings,  and  two  of  the 
four  cements  was  made  on  each  working 
day,  making  18  specimens  per  day,  or  a  total 
of  144  specimens  in  8  working  days.  All 
specimens  containing  the  %-inch  maximum 
size  aggregate  (gradings  1  and  2)  were 
molded  by  thoroughly  spading  the  concrete 
with  a  trowel,  as  it  was  found  that  the 
standard   rodding  procedure  was  not  satis- 


SERIES  I 


SERIES  n 


1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 

+  0.1 
0 

-0.1 
0.3 
0.2 

+  0.1 
0 

-  0.1 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 

+  ai 
o 

-  o.i 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
+  0.1 
0 

-  0.1 


CEMENT  I 


1 

AGGREGATE   A-^^ 

^^ 

B 

c 


1 

AGGREGATE  A\            > 

B"-N^       __-— — ""* 

1 

Ls^L— — <{ 

1 ^ P- 

1 — —  — ' 

CEMENT  2 


A^ , 

B~^                        ^ 

T~ ' 

^C 

AX___— — — ' 

^=== 

/B 

\ i— i-^ 

CEMENT  3 


A^     > 

iSC 

t 

i                    » 

A\          S 

B\ 

c' 

CEMENT  4 


A\-    s' 

V 

Av 

B\ 

> ^ <U- 

lb- 

'         VC 

O 

o 

CO 

CD 

fO 

CO 

I     c 


o  o 

m  Is- 

*fr  C\J 

C\J  l*> 

I  E  I 


o 

o 

CO 

CD 

(■0 

10 

B 


o   o 

<T     CM 

cm    ro 

I  E  I 


CYCLE 


CYCLE 


DAYS   IN    STORAGE    (LOG. SCALE) 
Figure    4. — Effect    of   aggregate    type:    Grading    1. 


factory  for  these  mixtures.  Specimens  of 
normal  concrete  (grading-  3)  were  molded 
by  rodding  in  the  standard  manner.  The 
consistency  was  not  controlled  directly  by 
the  use  of  the  slump  test  but  was  judged  by 
means  of  the  flow  test.  The  concrete  mixes 
were  adjusted  to  provide  a  consistency  cor- 
responding to  approximately  a  1-inch  slump 
for  gradings  1  and  2  and  a  2V2-inch  slump 


for  grading  3.  All  specimens  were  cured  1 
day  in  the  molds  in  the  mixing  room  and  27 
days  in  the  moist  room,  prior  to  testing. 

After  a  preliminary  moist  storage  period 
of  28  days,  the  concrete  test  beams  were 
measured  for  length  and  then  exposed  suc- 
cessively to  a  series  of  cycles  of  heating 
and  cooling  and  wetting  and  drying.  As 
will    be    seen    later,    the    pattern    of    cycles 
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was  established  during  the  course  of  the 
work,  as  need  for  change  in  procedure  was 
evidenced.  The  complete  series  of  cycles 
was  as  follows: 

Cycle  A. — One  day  in  moist  room  at  70° 
F.,  followed  by  1  day  in  air  at  130°  F., 
followed  by  2  days  in  air  at  70°  F.:  40 
cycle.;,   requiring  160  days. 

Cycle  B. — One  day  in  water  at  70°  F., 
followed  by  1  day  in  air  at  130°  F.,  followed 
by  2  days  in  air  at  70°  F. :  50  cycles,  re- 
quiring 200  days. 

Cycle  C. — One  day  in  water  at  70°  F., 
followed  by  1  day  in  air  at  130°  F.:  150 
cycles,  requiring  300  days. 

Cycle  D. — Continuous  storage  in  moist  air 
at  70°  F.  for  1,790  days  (approximately 
5  years). 

Cycle  E. — Exposure  outdoors  near  Wash- 
ington, D.  C,  for  820  days  (approximately 
2%  years),  followed  by  4  days  resatura- 
tion  in  water. 

Measurements 

The  test  specimens  used  in  this  study 
were  concrete  beams  6  by  6  by  20  inches  in 
size.  Stainless  steel  plugs  were  set  in  the 
center  of  each  end  of  the  specimens  and 
brass  inserts,  provided  with  drilled  gage 
seats,  were  set  in  the  upper  and  lower  sur- 
faces. Three  sets  of  length-change  read- 
ings were  taken — one  on  the  end  plugs  and 
the  others  along  the  upper  and  lower  sur- 
faces of  the  specimens.  These  latter  meas- 
urements were  made  with  a  mechanical 
strain  gage  over  a  10-inch  gage  length; 
the  end  measurements  were  made  with  a 
horizontal  comparator  reading  to  0.0001- 
inch.  The  comparator  is  shown  in  figure 
2.  All  measurements  were  taken  with  the 
concrete  in  a  moist  condition  at  70°  F.  in 
order  to  eliminate  insofar  as  possible  dif- 
ferences due  to  variations  in  temperature 
and  moisture  conditions  at  the  time  of  test. 

In  general  the  surface  measurements 
showed  the  same  trends  as  those  taken  along 
the  central  axis.  However,  the  surface 
measurements,  which  were  made  with  a 
mechanical  strain  gage  over  a  gage  length 
of  10  inches,  were  somewhat  erratic.  The 
end  measurements  were  made  with  a  hori- 
zontal comparator  over  the  entire  20-inch 
length  of  the  beam  and  were  quite  consis- 
tent. The  individual  discrepancies  noted 
in  the  surface  readings  reveal  the  difficulty 
of  securing  consistent  results  with  a  mechan- 
ical strain  gage,  which  involves  the  personal 
equation.  With  the  horizontal  comparator, 
on  the  other  hand,  very  consistent  results 
are  obtainable  because  the  personal  equa- 
tion   is  absent. 

Discussion   of   Observations 

The  surface  measurements,  though  er- 
ratic, do  indicate  two  definite  trends,  neither 
of  which  would  have  been  revealed  by  end 
measurements.  During  cycle  D  (continuous 
moist  storage  for  1,790  days)  the  surface 
measurements  revealed  appreciable  warping 
in  many  of  the  specimens,  particularly  those 
which  had  developed  large  residual  expan- 
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Figure   5. — Effect  of  aggregate  type:   Grading  2. 


sions  at  the  end  of  cycle  C.  These  were 
principally  the  combinations  involving  ag- 
gregate A  (the  Platte  River  material)  in 
gradings  1  and  2.  The  over-all  expansion 
of  these  specimens  at  the  end  of  cycle  D 
was  also  large.  In  other  words,  they  con- 
tinued to  expand  after  the  wetting  and 
drying   cycle   had   been    discontinued. 

Warping  was  revealed  by  substantially 
higher  expansion  along  the  top  surface  than 
along  the  lower  surface.  This  caused  the 
ends  to  curl  downward,  as  illustrated  in 
figure  3,  which  shows  readings  for  one  of 
the  beams  in  the  combination  of  aggregate 
A  (in  grading  1)  with  cement  1.  These 
measurements  no  doubt  reflected  the  tend- 
ency of  the  surface  mortar  to  expand  at  a 
greater  rate  than  the  mass  of  the  concrete. 
Such  a  tendency  probably  exists  in  most 
concrete  pavements  because,  due  to  finishing 
operations,  a  layer  of  mortar  of  distinctly 
inferior  quality  is  formed  on  the  surface 
of  the  pavement.  These  length  differen- 
tials between  the  upper  and  lower  surfaces 
were  found  only  in  the  combinations  which 


had  expanded  excessively.  Where  the  over- 
all expansions  were  small  (0.1  percent  or 
less),  which  was  the  case  with  the  majority 
of  the  combinations,  the  warping  tendency 
was  not  indicated  by  the  measurements. 
This  was  due,  it  is  believed,  to  the  fact  that 
the  surface  measurements  were  not  suffici- 
ently precise  to  reveal  the  very  small  length 
changes  involved. 

Another  interesting  trend  was  the  up- 
ward warping  at  the  ends  of  most  of  the 
specimens  at  the  end  of  cycle  E  (outdoor 
storage  on  the  ground  for  2%  years).  This 
warping  was  probably  due  to  differential 
drying  out  of  the  top  surface  with  respect 
to  the  lower  surface,  since  the  latter  was 
in  contact  with  the  ground.  Here  again, 
however,  the  individual  results  show  many 
inconsistencies.  Although  the  general  ti-ends 
indicated  by  the  surface  measurements  are 
probably  bona  fide,  it  is  believed  the  in- 
dividual measurements,  for  the  reasons 
stated,  are  not  sufficiently  accurate  to  per- 
mit detailed  comparisons  between  combina- 
tions where  the  total  movements  are  small. 
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Figure   6. — Effect   of  aggregate   type:   Grading  3. 


These  include  most  of  the  combinations 
involving  aggregates  B  and  C  as  well  as 
aggregate  A  in  grading  3.  For  this  reason 
these  data  are  omitted  and  the  balance  of 
the  report  will  be  limited  to  a  discussion  of 
the  end  measurements  only. 

The  cumulative  percentage  changes  in 
length  of  the  test  specimens  along  the  cen- 
tral axes,  at  the  expiration  of  the  various 
exposure  periods,  are  given  in  table  6  and 
are  plotted  in  figures  4-7.  Each  value  is 
the  average  of  measurements  on  two  speci- 
mens made  on  different  days.  In  the  case 
of  aggregate  A  in  gradings  1  and  2,  and 
all  three  aggregates  in  grading  3,  the  same 
proportions  and  consistency  were  used  in 
both  test  series  I  and  II.  In  this  case, 
therefore,  the  results  of  the  two  series  are 
directly  comparable,  a  point  which  should 
be  borne  in  mind  when  studying  the  data. 
On  the  other  hand,  combinations  involving 
aggregates  B  and  C  in  gradings  1  and  2  are 
not  strictly  comparable  in  the  two  series  due 
to  the  fact  that  a  constant  water-cement 
ratio  was  used  in  series  I  whereas  in  series 
II  the  weight  proportions  were  kept  con- 
stant for  each  cement.  Even  in  these  cases, 
however,  referencs  to  the  data  will  show 
that  the  differences  in  cement  content  and 
water  content,  although  quite  large,  were 
apparently  not  sufficiently  great  to  affect 
the  general  trends  to  an  appreciable  extent. 


At  the  end  of  cycle  A  (160  days),  it  was 
found  that  all  of  the  specimens  were  show- 
ing small  residual  contractions.  This  indi- 
cated quite  definitely  that  24  hours  in  the 
moist  room  was  not  long  enough  to  insure 
complete  resaturation  after  drying  at  130° 
F.  Cycle  B  was  therefore  introduced,  to 
provide  for  immersion  in  water  instead  of 
storage  in  the  moist  room.  After  50  alter- 
nations of  cycle  B,  however,  the  net  expan- 
sions were  still  found  in  all  cases  to  be 
very  small. 

Cycle  C  was  then  instituted,  omitting 
altogether  the  48-hour  storage  period  in  air 
at  70° F.  Under  this  procedure  the  speci- 
mens were  immersed  immediately  in  water 
upon  removal  from  the  drying  oven  at  130° 
F.,  thus  simulating  the  effect  of  a  sudden 
cool  shower  upon  a  concrete  pavement  at 
the  close  of  a  hot  dry  day.  This  treatment 
had  the  effect  desired:  It  differentiated  quite 
definitely  between  the  concretes  in  a  man- 
ner similar  to  that  observed  in  service. 

Cycle  C  was  continued  for  300  days.  Ab- 
normal expansion  (an  increase  in  length  of 
almost  1  percent  in  certain  cases)  had  de- 
veloped in  some  of  the  Platte  River  sand- 
gravel  combinations  by  that  time,  with  re- 
sultant map-cracking  and  other  evidences 
of  deterioration.  This  indicated  the  desira- 
bility of  discontinuing  the  type  of  cycle 
which  involved  daily  handling  of  the  speci- 


mens. They  were  therefore  stored  in  the 
moist  room  for  approximately  5  years 
(cycle  D),  after  which  they  were  again 
measured  for  length  and  then  stored  out- 
doors on  the  ground  in  the  vicinity  of  the 
laboratory  (cycle  E).  The  final  set  of 
readings  was  taken  after  about  2Va  years  of 
storage  outdoors,  at  which  time  the  speci- 
mens were  approximately  9  years  old. 

Effect   of  Aggregate   in   Grading   1 

Figure  4  shows  for  grading  1  and  for 
each  cement  the  effect  of  aggregate  type  on 
length  change.  It  will  be  seen  that  the 
various  combinations  involving  aggregate 
A,  all  of  which  showed  relatively  high  ex- 
pansion at  the  end  of  cycle  C,  continued  to 
expand  through  cycle  D  and,  in  most  cases, 
through  cycle  E.  The  concrete  containing 
cement  2  is  the  only  exception  to  the  latter 
tendency.  On  the  other  hand,  the  con- 
cretes containing  aggregates  B  and  C,  al- 
though showing  small  additional  expansions 
at  the  end  of  cycle  D,  all  contracted  as  the 
result  of  the  outdoor  exposure  of  cycle  E. 
These  facts  would  indicate  that  whatever 
the  nature  of  the  internal  reactions  which 
caused  the  excessive  expansion  with  aggre- 
gate A,  the  same  reactions  were  continuing 
through  cycle  E.  Otherwise,  contractions 
would  be  expected  during  cycle  E  similar 
to  those  shown  in  the  case  of  aggregates  B 
and  C. 

It  should  also  be  noted  that  the  amount 
qf  the  expansion  occurring  in  the  concrete 
containing  aggregate  A  was  influenced  ap- 
preciably by  the  cement,  cement  1  being  by 
far  the  most  active  and  cement  2  the  least 
active  of  the  four.  When  studying  figure 
4,  it  is  important  to  remember  that,  insofar 
as  aggregate  A  is  concerned,  the  propor- 
tions used  in  series  II  were  identical  with 
those  used  in  series  I,  although  an  interval 
of  nearly  a  month  elapsed  between  the  cast- 
ing of  the  specimens  in  the  two  series.  The 
similarity  of  the  trends  as  revealed  in  the 
two  series  is  quite  striking  and  tends  to 
show  that  the  trends  shown  in  series  I  were 
not  accidental. 

It  should  be  observed,  also,  that  the  in- 
fluence of  aggregate  grading  has  been  en- 
tirely eliminated  by  this  grouping  of  the 
data  since  all  of  the  specimens,  regardless 
of  aggregate  type,  contain  material  of  iden- 
tical grading  (in  this  case  grading  1,  the 
normal  grading  of  the  Platte  River  ma- 
terial). The  data  show  conclusively  that 
aggregate  grading  is  not  responsible  for 
the  excessive  expansions  which  have  taken 
place. 

As  noted  above,  all  of  the  concretes  con- 
taining aggregates  B  and  C  expanded  some- 
what during  cycle  D  and  then  showed  con- 
traction at  the  end  of  cycle  E.  Further- 
more, aggregate  B,  the  siliceous  material 
from  Long  Island,  consistently  showed  high- 
er expansions  than  aggregate  C,  the  dolo- 
mitic  material  from  Chicago.  There  is  a 
strong  possibility  that  these  differences, 
although  small  as  compared  to  the  expan- 
sions found  in  the  case  of  aggregate  A,  may 
be    related    to    differences    in    the    thermal 
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Figure    7. — Effect    of   cements    Grading   3    (average   for   tests   series   I   and   II). 


characteristics  of  the  two  aggregates. 
However,  there  is  no  evidence  of  abnormal 
growth  with  either  of  these  materials.  The 
maximum  expansions  with  all  but  one 
cement  were  less  than  the  0.1  percent,  which 
is  frequently  indicated  as  the  dividing  line 
between  normal  and  abnormal  behavior  in 
this  regard. 

The  reason  for  the  abnormal  expansions 
found  with  the  Platte  River  material  re- 
mains unknown.  There  is  the  possibility  of 
a  slight  alkali-aggregate  reaction,  but  the 
fact  that  the  Platte  River  aggregate  used 
in  these  tests  contained  only  0.3  percent 
opal,  coupled  with  the  lack  of  relation  be- 
tween the  alkali  contents  of  the  four  cements 
and  the  resultant  volume  change,  would 
tend  to  minimize  this  possibility.  Neither 
can  these  abnormal  expansions  be  due  to 
the  rich  mix  that  was  used,  because  in  series 
I  the  cement  contents  of  the  combinations 
involving  aggregates  B  and  C  were  actually 
higher  than  those  which  involved  ag- 
gregate A. 


There  remains  the  possibility  that  these 
abnormal  effects  are  due  to  differential 
thermal  characteristics  of  the  aggregates. 
Blanks"  has  called  attention  to  the  fact  that 
aggregate  of  the  same  general  nature  as 
the  Platte  River  material  contains  sub- 
stantial amounts  of  the  orthoclase  and  mi- 
crocline  feldspars  and  that  these  minerals 
have  a  very  low  thermal  coefficient  of  ex- 
pansion. The  Platte  River  gravel  used  in 
these  tests  contained  varying  amounts  of 
these  minerals,  ranging  up  to  as  much  as 
40  percent  in  the  Nos.  4-8  sieve  size.  It  is 
possible  that  the  deterioration  of  concrete 
containing  this  material  may  be  due,  at 
least  in  part,  to  stress  developed  within  the 
concrete  as  the  result  of  thermal  incom- 
patibility. This  fact  alone,  however,  would 
not  account  for  the  wide  differences  in  ex- 
pansion noted  with  the  different  cements. 
These  differences   must  be   related   to  some 

■"'  Modern  concepts  applied  to  concrete  aggregate,  by 
R.  F.  Blanks.  Proceedings  of  the  American  Society  of 
Civil  Engineers,  Vol.  75,  No.  4.  April  1949,  p.  441. 


characteristic  or  characteristics  of  the  com- 
bination which  are  influenced  by  both  the 
aggregate  and  the  cement.  Whether  these 
effects  are  physical  or  chemical,  or  a  com- 
bination of  the  two,  has  not  been  deter- 
mined. 

Effect   of  Aggregate   in    Grading  2 

Figure  5  shows,  for  each  cement,  the  ef- 
fect of  aggregate  type  when  used  in  grading 
2.  This  grading  was  the  same  as  grading 
1  except  that  sufficient  fine  material  from 
the  same  source  was  added  to  increase  the 
total  amount  passing  the  No.  50  sieve  from 
5  percent  to  20  percent,  with  no  increase 
in  the  amount  retained  on  the  %-inch  sieve. 

A  comparison  of  figures  4  and  5  indicates, 
for  cements  1  and  2,  trends  almost  identical 
in  grading  2  with  those  found  with  grading 
1.  In  the  case  of  cement  1,  the  addition  of 
fines,  while  causing  some  reduction,  did  not 
appreciably  decrease  the  excessive  expan- 
sion shown  by  aggregate  A  in  grading  1. 
In  the  case  of  cement  2,  about  the  same  ex- 
pansions were  noted  for  both  gradings,  the 
values  being  comparatively  low  in  both 
cases.  In  the  case  of  cement  3  in  series  I, 
and  cement  4  in  both  series,  the  abnormal 
expansion  shown  for  aggregate  A  in  grad- 
ing 1  was  largely  eliminated.  In  fact,  so 
far  as  cement  4  is  concerned,  the  expansions 
found  for  all  three  aggregates  were  all  well 
within  the  0.1-percent  limit  previously  men- 
tioned. In  other  words,  for  this  cement, 
as  well  as  for  cement  3  in  series  I,  concrete 
containing  the  Platte  River  material  in 
grading  2  behaved  normally. 

In  general  it  may  be  said  that  the  addi- 
tion of  fines  to  the  Platte  River  material 
reduced  the  expansions  somewhat,  the 
amount  of  the  reduction  varying  with  the 
cement.  Moreover,  the  tendency  for  con- 
tinued expansion  with  cements  1,  3,  and  4 
during  cycle  E,  noted  in  the  case  of  grading 
1,  was  not  found  with  grading  2. 

Attention  has  been  called  to  the  fact  that, 
in  series  I,  the  cement  contents  of  the  con- 
crete containing  aggregates  B  and  C  were 
substantially  higher  than  those  used  with 
aggregate  A.  For  example,  in  the  case  of 
aggregate  C  in  grading  2,  cement  2  of  series 
I  (fig.  5),  the  cement  factor  was  9.8  sacks 
per  cubic  yard  as  compared  to  9.0  for  ag- 
gregate B  and  8.1  for  aggregate  A.  These 
values,  as  well  as  the  corresponding  cement 
factors  for  the  other  combinations  used  in 
series  I,  gradings  1  or  2,  are  shown  in 
table  5.  The  variations  were  necessary  in 
order  to  maintain  the  same  water-cement 
ratio  throughout  the  series.  The  data  show 
definitely  that  there  is  no  relation  whatever 
between  cement  content  and  expansion.  In 
fact,  as  will  be  seen  later,  the  actual  expan- 
sions of  certain  combinations  in  gradings  1 
and  2,  all  of  which  involved  the  use  of  very 
rich  mixes  in  series  I,  were  no  higher  at 
any  time  than  the  expansions  developed 
with  grading  3  (the  normal  concrete), 
where  the  cement  content  was  reduced  to  5 
sacks  per  cubic  yard. 
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Effect   of  Aggregate   in   Grading  3 

The  effect  of  aggregate  type  in  grading  3 
with  each  cement  is  shown  in  figure  6.  It 
will  be  noted  that  in  practically  all  cases 
the  abnormal  expansions  which  occurred 
when  using  aggregate  A  in  gradings  1  and 
2  were  eliminated  by  the  use  of  a  normal 
concrete  grading  obtained  by  mixing  the 
Platte  River  material  with  crushed  lime- 
stone. In  fact,  the  maximum  expansions 
with  this  combination  were  actually  less  in 
all  cases,  except  with  cement  2,  than  were 
those  for  the  corresponding  combinations 
involving  aggregate  B.  In  studying  figure 
6  it  should  be  borne  in  mind  that  aggregate 
A,  the  Platte  River  sand-gravel,  has  been 
combined  with  crushed  limestone  in  about 
equal  proportions.  This  substantially  re- 
duced the  silica  content  of  the  aggregate, 
which  may  account  for  the  smaller  expan- 
sions found  in  the  case  of  aggregate  A  as 
compared  to  aggregate  B,  which  was  almost 
entirely  siliceous.  In  the  case  of  cement  2, 
both  series  show  higher  expansions  for  ag- 
gregate A  than  for  either  B  or  C.  This 
reversal  cannot  be  considered  accidental 
since  the  results  of  the  two  series  check 
each  other  almost   exactly. 

Effect   of   Cement   in   Grading   3 

Except  for  the  combination  involving 
cement  1  and  aggregate  B,  virtually  all  of 
the  expansions  observed  in  the  normal 
concrete  (grading  3)  were  within  the 
range  of  0  to  0.1  percent.  It  was  de- 
cided, therefore,  to  plot  the  length  changes 
for  this  grading  on  a  very  much  larger 
vertical  scale  than  that  used  in  figures  4-6. 
In  figure  7,  the  chart  so  produced,  differences 
in  expansion  of  the  order  of  0.01  percent  or 
less  are  clearly  indicated  and  may  be  of 
some  interest.  Each  point  used  in  plotting 
the  curves  was  the  average  of  four  deter- 
minations— two  in  series  I  and  two  in  series 
II.  The  corresponding  length  changes  for 
each  series  separately  are  shown  in  table  6. 

In  studying  figure  7,  the  nature  of  the 
various  exposure  cycles  should  be  kept 
clearly  in  mind.  It  will  be  recalled  that 
cycle  A  involved  a  72-hour  drying  period 
followed  by  24  hours  in  moist  air.  Figure 
7  shows  clearly  that  24  hours  of  resatura- 
tion  in  moist  air  was  not  sufficient  to  prevent 
residual  contraction.  Furthermore,  there 
seemed  to  be  a  definite  tendency  for  cements 
3  and  4  to  show  greater  contractions  than 
cements  1  and  2  (except  the  aggregate  C- 
cement  2  combination),  this  trend  being  evi- 
dent in  the  case  of  all  three  aggregates  in 
both  series.  Also,  for  a  given  cement,  con- 
crete containing  aggregate  C  showed  some- 
what greater  contraction  than  the  concretes 
in  which  aggregates  A  and  B  were  used. 
At  the  conclusion  of  cycle  A  the  moist  stor- 
age condition  was  changed  to  24  hours  in 
water  instead  of  in  moist  air,  the  period  of 
drying  remaining  the  same.  At  the  expira- 
tion of  50  cycles  of  this  treatment  (cycle  B) , 
all  of  the  specimens  had  expanded,  although 
in  most  cases  they  still  showed  some  residual 
contraction. 


■***r 


,•£»&. 


Figure  8. — Abnormal  expansion  of  specimens  containing  sand-gravel  aggregate:  (top) 
grading  1  with  cement  1.  at  end  of  cycle  C;  (center)  grading  2  with  cement  1.  at 
end   of   cycle   E;    (bottom)    grading    I    with    cement   3.    at   end   of   cycle   E. 


With  the  elimination  of  the  48-hour  dry- 
ing period  at  70°F.  (cycle  C),  the  specimens 
continued  to  expand,  this  trend  continuing 
through  cycle  D.  It  will  be  noted  that  at 
the  expiration  of  cycle  C  all  combinations 
showed  residual  expansion,  the  amounts 
varying  with  both  the  cement  and  the  ag- 
gregate. Cements  1  and  2  expanded  more 
than  cements  3  and  4,  the  difference  being 
much  more  marked  in  the  case  of  aggre- 
gates A  and  B  than  in  the  case  of  aggre- 
grate  C. 

In  most  cases  the  specimens  contracted 
during  cycle  E.  After  2V4  years  of  outdoor 
exposure,  the  96  hours  in  water  which  was 
provided  at  the  end  of  cycle  E  was  ap- 
parently not  sufficient  to  resaturate  the 
specimens.  In  the  case  of  cement  2  with 
aggregate  B,  readings  at  the  end  of  cycle  E 
showed  further  expansion,  which  is  a  defi- 
nite exception  to  the  general  trend.  How- 
ever, it  should  be  noted  again  that  the  same 
tendency  was  found  in  both  series 
(see  fig.  6) . 

The  chief  point  of  interest  observable  in 
figure  7  is  the  relatively  high  expansion 
which  took  place  in  the  combinations  in- 
volving cements  1  and  2  with  aggregates 
A  and  B.     Aggregate  A  in  this  grading  was 


composed  of  a  mixture  of  the  Platte  River 
material  and  crushed  limestone  in  about 
equal  parts;  aggregate  B  was  almost  100 
percent  quartz  or  quartzite;  and  aggregate 
C  about  95  percent  dolomite.  The  chief 
difference  in  the  cements  is  the  fact  that 
cements  3  and  4,  in  addition  to  meeting  the 
standard  A.S.T.M.  requirements,  also  met 
the  specification  requirements  of  the  New 
York  City  Board  of  Water  Supply. 

Cement  meeting  these  requirements  would 
be  classified  as  A.S.T.M.  type  II,  principally 
because  of  the  limitation  on  alumina,  but 
they  are  much  more  restrictive  than  type  II 
in  that  they  also  include  limitations  on 
sugar  solubility  (a  test  devised  by  Merri- 
man  to  detect  underburning)  as  well  as  a 
requirement  on  maximum  allowable  water- 
soluble  alkali.  The  authors  are  not  pre- 
pared to  advance  an  explanation  for  the 
increase  in  expansion  noted  in  the  case  of 
cements  1  and  2  in  combination  with  ag- 
gregates A  and  B  as  compared  to  the  ex- 
pansion noted  for  other  combinations.  How- 
ever, the  trends  are  so  definite  and  are  re- 
peated so  consistently  in  the  two  series  of 
tests  as  to  make  it  extremely  unlikely  that 
they  are  accidental.  The  data  are  pre- 
sented   as    an    interesting    example    of    the 
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possible  variations  in  the  volume  change 
characteristics  of  different  combinations  of 
cements  and  aggregates.  They  illustrate  a 
principle  which  is  being  recognized  more 
and  more:  The  volume  constancy  of  con- 
crete is  influenced  to  a  marked  degree  by 
the  particular  combination  of  cement  and 
aggregates  used  in  the  mix,  and  these  ma- 
terials must  be  studied  in  combination  with 
each  other  in  concrete  rather  than  indi- 
vidually. 

Examples  of  the  excessive  map-cracking 
which  developed  in  many  of  the  specimens 
containing  aggregate  A  are  shown  in  fig.  8. 

Unsolved   Problems 

It  is  realized  that  the  foregoing  discus- 
sions raise  many  questions  for  which  an- 
swers have  not  been  supplied.  This  is  just 
as  true   now  as   it  was   in   1942  when  the 


original  progress  report  was  prepared.  For 
example,  no  one,  as  far  as  the  authors  are 
aware,  has  yet  advanced  an  entirely  satis- 
factory explanation  for  the  abnormal  ex- 
pansion which  takes  place  when  Platte 
River  or  similar  aggregate  is  used  in  con- 
crete with  certain  cements.  Nor  has  an 
adequate  explanation  been  forthcoming  as 
to  why  this  expansion  can  be  stopped  by 
the  addition  of  crushed  limestone  to  such 
aggregates. 

These  tests,  as  well  as  tests  made  by 
other  investigators,  have  proved  that  con- 
ventional factors  such  as  aggregate  grad- 
ing, aggregate  quality  as  measured  by  con- 
ventional tests,  cement  content,  free  lime 
in  cement,  etc.,  are  not  sufficient  to  explain 
this  abnormal  expansion.  The  probability 
that  the  aggregate  is  mildly  alkali-reactive, 
combined  with  the  fact  that  from  one-fourth 
to  one-third  of  the  aggregate  consists  of  a 


type  of  feldspar  having  a  low  thermal  co- 
efficient of  expansion,  may  supply  the  an- 
swer, but  the  data  of  these  tests  indicate 
quite  definitely  that  neither  of  these  facts 
taken  separately  is  the  answer.  Moreover, 
the  fact  that  the  Platte  River  aggregate 
used  in  these  tests  contained  only  0.3  per- 
cent opal,  and  insignificant  amounts  of 
other  possibly  reactive  aggregates,  would 
indicate  that  the  alkali-aggregate  reaction, 
as  it  is  generally  considered,  was  not  an 
important  factor. 

It  is  also  difficult  to  visualize  the  mechan- 
ics of  an  action  which  results  in  expansion 
due  to  the  use  of  aggregate  having  a  low 
thermal  coefficient  of  expansion.  However, 
there  is  also  the  possibility  that  the  felds- 
par may  contribute  to  the  expansion  in  some 
other  way,  due  possibly  to  alteration,  with 
time,  of  its  physical  properties. 


New  Publication 


A    FACTUAL    DISCUSSION    OF    MOTOR- 
TRUCK   OPERATION,    REGULATION, 
AND  TAXATION 

The  Bureau  of  Public  Roads  has  recently 
published  A  Factual  Discussion  of  Motor- 
truck Operation,  Regulation,  and  Taxation, 
a  113-page  bulletin  presenting  in  summary 
form  the  factual  records  and  other  data 
available  to  the  Bureau,  with  discussions  of 
their  significance,  which  might  prove  useful 
in  any  study  and  investigation  of  the  trans- 
portation problem.  The  bulletin  may  be 
purchased  from  the  Superintendent  of  Docu- 


ments,   U.    S.    Government    Printing   Office, 
Washington  25,  D.  C,  at  30  cents  a  copy. 

The  subject  material  in  the  bulletin  is 
presented  in  seven  parts,  covering  the 
growth  of  motor-vehicle  registration  and 
use,  the  effects  of  size  and  weight  of  ve- 
hicles on  the  geometric  design  and  traffic 
capacity  of  highways,  axle  loading  and  its 
effect  on  roads  and  legal  limitation,  weight 
of  vehicles  and  its  effect  on  bridges,  the 
character  of  overloaded  vehicles  and  their 
pay  loads,  highway-user  tax  payments  in 
relation  to  highway  revenues  and  expendi- 
tures,   and    the    allocation    of    highway    tax 


responsibility.  Several  appendixes  contain- 
ing valuable  information  are  also  included. 
The  report  was  prepared  at  the  request 
of  the  Subcommittee  on  Domestic  Land  and 
Water  Transportation  of  the  Committee  on 
Interstate  and  Foreign  Commerce,  United 
States  Senate,  which  was  investigating  prob- 
lems relating  to  the  transportation  and  com- 
munications industries.  The  report  was 
presented  before  the  committee  in  June 
1950  and  is  reprinted  from  the  committee's 
hearings,  which  appeared  under  the  title 
Study  of  Domestic  Land  and  Water  Trans- 
portation. 


Highway  Soil  Engineering  Film 


Highway  Soil  Engineering,  a  motion  pic- 
ture produced  by  the  Bureau  of  Public 
Roads  to  illustrate  field  surveying  and 
sampling  and  laboratory  testing  of  soils 
encountered  in  highway  construction,  is  now 
available  on  loan  to  highway  departments, 
universities,  and  other  organizations.  The 
16-millimeter  film,  with  sound  and  in  full 
color,  has  a  running  time  of  almost  two 
hours.  The  subject  treatment  is  technical 
in  nature  and  of  interest  primarily  to  engi- 
neers and  engineering  students. 

Highway  Soil   Engineering   describes  the 


two  distinctive  components  of  soil — granu- 
lar and  silt-clay  materials — and  illustrates 
the  methods  employed  in  surveying  and 
sampling  soils  in  the  field.  Laboratory 
tests  are  presented  in  sequences  which  show 
the  step-by-step  procedures  involved.  The 
tests  demonstrated  are  those  used  by  the 
Bureau  and  many  of  the  State  highway 
departments,  and  cover  the  complete  range 
needed  to  examine  the  properties  of  soils 
that  are  of  interest  to  highway  engineers. 
The  picture  shows  the  striking  contrast 
in    condition    and    in    maintenance    require- 


ments of  pavements  laid  on  good  and  on 
poor  subgrade  soils.  It  concludes  with  a 
demonstration  of  the  value  of  a  sand  sub- 
base  in  preventing  intrusion  of  subgrade  soil 
into  the  overlying  crushed-stone  base  course. 

Highway  Soil  Engineering  may  be  bor- 
rowed by  any  responsible  organization  with- 
out cost,  except  for  the  nominal  transporta- 
tion charges.  The  film  may  be  obtained 
for  showings  by  writing  to  the  Visual  Edu- 
cation Branch.  Bureau  of  Public  Roads, 
Washington   25,    D.    C. 
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A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according  to 
subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  Bureau  of  Public  Roads. 
Washington   25,   D.   C. 
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An  Improved  Triaxial  Compression  Cell 

for  Testing  Bituminous  Paving  Mixtures 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  C.  A.  CARPENTER,  Senior  Materials  Engineer 

J.  F.  GOODE,  Highway  Research  Engineer 

and  R.  A.  PECK,  Assistant  Materials  Engineer 


THE  triaxial  compression  test  for  bitumi- 
nous paving  mixtures,  through  the  work 
of  Messrs.  Hveem,  Endersby,  Smith,  and 
others,  has  been  developed  to  the  point 
where  its  value  as  a  research  tool  cannot 
be  doubted.  There  is  little  question  that  it 
offers  a  direct  and  reasonably  simple  solu- 
tion of  the  problem  of  how  to  evaluate  the 
two  factors,  cohesion  and  internal  friction, 
in   bituminous    mixtures. 

The  application  of  the  information  ob- 
tainable by  means  of  the  triaxial  test  to 
the  problems  of  investigating  the  stability 
of  existing  pavements  and  designing  new 
ones  of  adequate  stability  is  not  simple. 
This  has  been  amply  demonstrated  by  Dr. 
McLeod  in  two  outstanding  papers.2  3 

Recognition  of  the  fact  that  the  applica- 
tion of  triaxial  test  data  is  not  a  simple 
process  does  not  in  any  way  constitute  a 
criticism  of  the  tool.  On  the  contrary,  it 
points  to  a  wealth  of  possible  lines  of  in- 
vestigation and  special  application.  At  the 
same  time,  in  recognizing  the  value  of  the 
triaxial  compression  test  as  a  research  tool, 
there  is  intended  no  implication  prejudicial 
to  the  simple,  direct  tests  that  have  been 
found  useful  in  the  more  or  less  routine 
work  of  designing  bituminous  mixtures  in 
the   laboratory. 

Present-Day  Cells 

There  are  two  details,  one  technical  and 
the  other  pertaining  to  convenience  of  op- 
eration, of  several  present-day  triaxial  cells 
that  are  subject  to  criticism.  It  is  the  pur- 
pose of  this  paper  to  report  on  the  efforts 
of  the   past  several   years  to  overcome   the 


1  Presented  at  the  annual  meeting  of  the  Association 
of  Asphalt  Paving  Technologists,  Denver,  Colo.,  Feb. 
6.  1951. 

-Airport  evaluation  in  Canada,  by  Norman  W. 
McLeod.  Highway  Research  Board.  Research  Report 
No.   4   B,  October  1947. 

3  The  stability  of  granular  and  cohesive  materials  in 
triaxial  com  iression,  by  Norman  W.  McLeod.  Proceed- 
ings of  the  Association  of  Asphalt  Paving  Technolo- 
eists.    1948. 


The  triaxial  compression  test  is  unquestionably  a  useful  tool  in  research 
in  rest  i  gat  ions  of  bituminous  mixtures,  hut  present-day  types  of  cells  have  two 
difficulties  that  hamper  their  use.  The  fixed-sleeve  triaxial  compression  cell, 
with  its  rubber  sleeve  attached  to  the  top  cell  plate,  introduces  an  indeterminate 
stress  component  into  test  results  because  the  top  of  the  sleeve  has  to  stretch  as 
the  specimen  is  deformed  vertically.  The  free-sleeve  cell,  in  which  the  sleeve  is 
attached  to  the  upper  bearing  plate,  eliminates  this  indeterminate  hut  must  be 
dismantled   for    insertion    and    removal    of    each    specimen. 

The  Bureau  of  Public  Roads  laboratory  has  now  devised  a  new  cell  with 
the  advantage  of  the  free-sleeve  type  in  properly  measuring  stresses,  and  none 
of  its  disadvantages  in  manipulation.  The  new  cell  has  a  circular  opening  in 
the  base  plate  through  which  the  specimen  is  easily  inserted  or  withdrawn.  The 
plug  for  the  opening,  which  serves  as  the  bottom  bearing  plate  for  the  specimen, 
is  quickly  attached  or  released  by  three  latches. 

Compressed  air  is  ordinarily  used  in  applying  lateral  pressure  to  the  speci- 
men, but  the  new  cell  is  also  fitted  for  high  temperature  tests  with  hot  water 
as  the  heat  and  pressure-transmitting  agent.  An  added  feature  is  a  perforated 
copper  shell  to  protect  the  operator  if  the   Incite  cylinder  bursts  under   pressure. 


difficulties  that  have  given  rise  to  these 
criticisms. 

The  first,  or  technical,  criticism  arises 
from  the  fact  that  several  triaxial  cells,  in 
order  to  provide  for  maximum  convenience 
of  operation,  have  been  designed  with  full 
specimen-sized  openings  through  both  the 
top  and  bottom  plates  with  the  rubber  sleeve 
attached  to  the  upper  and  lower  plates 
around  the  peripheries  of  these  openings. 
This  type  of  cell  has  been  called  the  "fixed- 
sleeve"   type. 

From  the  standpoint  of  convenience  in 
inserting  and  removing  test  specimens,  this 
arrangement  is  ideal.  Unfortunately,  how- 
ever, it  introduces  in  the  test  results  an 
indeterminate  stress  component.  As  the 
test  specimen  is  deformed  by  the  downward 
movement  of  the  plunger,  the  sleeve,  being 
held  tightly  against  it  by  the  surrounding 
fluid  pressure,  is  prevented  from  slipping 
by  friction.  Thus,  the  part  of  the  sleeve 
immediately  below  the  line  of  attachment 
to  the  upper  end  plate  has  to  stretch  just 
as  much   as  the  test  specimen  is  deformed 


vertically  in  the  test.  This  stretching  can- 
not be  produced  without  external  force. 
The  stronger  and  tougher  the  rubber  sleeve, 
the  greater  is  the  force  required  to  stretch 
it  as  the  testing  plunger  moves  down  with 
the  deforming  specimen.  Some  of  the 
sleeves  now  in  use,  particularly  those  of 
neoprene,  are  extremely  strong  and  re- 
sistant to  this  stretching.  Furthermore, 
thsre  appears  to  be  no  satisfactory  way 
of  calibrating  the  equipment  in  order  to 
correct  for  the  extra  force  involved,  be- 
cause the  length  of  the  stretched  section 
of   the   sleeve    is    indefinite   and    variable. 

Several  years  ago  the  soils  laboratory  of 
the  Bureau  of  Public  Roads  made  an  ex- 
tensive study  of  the  various  types  of  triaxial 
cells  then  in  use  '  and  then  designed  a  very 
much  simplified  cell  that  embodied  in  one 
unit  what  appeared,  from  a  technical  stand- 
point, to  be  the  most  desirable  features  of 
the  several  types  then  in  use. 


'  Essential  feature.-:  oi  Ir'ax'al  shear  texts,  by  C.  A. 
Hogentogler  and  E.  S.  Barber.  Public  Roads,  vol.  20. 
No.  7,  September  1939. 
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Figure  1. — The  cell,  tvith  specimen  in  place,  ready  for  test.    Note  the  compressometer  choice. 


The  IS'ew  Public  Roads  Cell 

Figure  2  is  a  diagrammatic  sketch  of  the 
new  cell.  As  in  all  free-sleeve  types,  the 
rubber  sleeve  is  attached  to  the  testing- 
plunger.  In  this  model,  the  testing  plunger 
or  plate  is  positioned  within  the  cell  and 
actuated  by  a  polished  stainless-steel  thrust 
rod  which  operates  through  a  lap-finished 
bronze  bushing  in  the  top  plate  of  the  cell. 

The  new  and  special  feature  of  this  cell 
is  the  opening  in  the  base  plate,  which  per- 
mits the  insertion  of  test  specimens  directly 
into  the  sleeve,  and  also  their  removal, 
without  disassembling  the  cell.  Thus  all 
the  operational  advantages  of  the  fixed- 
sleeve  type  cell  are  gained,  while  still  re- 
taining the  technically  desirable  free  sleeve 
which  permits  the  testing  of  the  specimens 
without  developing  the  indeterminate  stress 
component  mentioned  above. 

The  bottom  of  the  rubber  sleeve  is  at- 
tached to  the  lower  plate  of  the  cell  around 
the  periphery  of  the  opening  by  means  of 
two  interlocking  clamping  rings  in  a  manner 
not  essentially  different  from  that  used  in 
some    of   the    fixed-sleeve   cells.     The    base 


Most  important  of  the  features  incorpo- 
rated in  the  Public  Roads  design  was  the 
so-called  free  rubber  sleeve.  In  the  free- 
sleeve  type  of  cell,  the  upper  end  of  the 
rubber  sleeve  is  attached  not  to  the  top 
plate  of  the  cell  but  to  an  upper  bearing 
plate,  which  was  designed  to  operate  en- 
tirely within  the  pressurized  zone.  This 
eliminated  the  longitudinal  stretching  of 
the  sleeve  and  the  indeterminate  vertical 
force  component  that  the  stretching  entailed. 

Much  of  the  simplification  of  design  that 
was  attained  was  made  possible  by  adopting 
air,  rather  than  liquid,  for  the  cell  pres- 
sure medium.  The  air  is  taken  from  a 
compressor  and  passed  through  a  flow-type 
back-pressure  regulator  which  delivers  it 
at  the  desired  gage  pressure.  The  desired 
pressure  is  easily  maintained  by  simple 
manipulation  of  the  pressure-regulator  con- 
trols even  when  there  is  considerable  leak- 
age of  air  from  the  cell. 

The  second  criticism,  applicable  to  the 
free-sleeve  cells,  is  based  on  operational  dif- 
ficulties. The  criticism  arose  from  the  in- 
herent characteristics  of  these  cells:  namely, 
that  it  was  necessary  to  disassemble  the  cell 
and  disconnect  the  sleeve  from  the  interior, 
upper  bearing  plate  in  order  to  insert  or 
remove  each  test  specimen.  The  Public 
Roads  cell  was  designed  so  that  this  in- 
volved a  minimum  of  inconvenience,  but, 
when  utilized  for  testing  bituminous  mix- 
tures, it  was  found  that  a  modification  of 
design  would  be  advantageous  for  this 
special  application  in  order  to  facilitate 
the  testing  of  a  larger  number  of  specimens 
in  a  given  time.  The  desired  result  has 
been  obtained  by  designing  a  new  cell  which 
provides  for  the  insertion  and  removal  of 
test  specimens  through  an  opening  in  the 
base  plate. 
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REMOVABLE    BASE   PLATE 
— Diagrammatic  sketch  of  improved  triaxial  cell. 
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plug  or  rest  for  the  specimen  is  not  pro- 
vided with  a  sealing  gasket  and,  therefore, 
does  not  provide  full  maintenance  of  pore 
pressure  when  testing-  water-saturated  spec- 
imens. In  general,  the  maintenance  of  pore 
pressure  in  testing  saturated  bituminous 
mixtures  is  not  desired.  If  needed,  the 
design  can  be  modified  to  provide  for  seal- 
ing the  plug  so  that  pore  pressure  will  be 
maintained. 

A  characteristic  of  all  free-sleeve  cells 
that  probably  should  be  mentioned  here  is 
that  the  cell  pressure  is  applied  not  only 
laterally  on  the  test  specimen,  but  also 
over  the  top  except  for  the  relatively  small 
area  of  the  thrust  rod  (see  fig.  2).  Because 
of  this  fact  it  is  necessary,  before  com- 
puting the  values  for  cohesion  and  friction, 
to  correct  the  indicated  total  vertical  load 
by  adding  to  it  the  quantity,  unit  cell  pres- 
sure  times   net  area   of  bearing  plate. 

Air  or   Water  Pressure   Used 

As  long  as  the  test  is  made  only  at 
laboratory  room  temperature  with  the  spec- 
imen brought  to  77°  F.  before  inserting  it 
in  the  cell,  air  is  the  most  convenient  fluid 
for  use  in  applying-  the  lateral  pressure. 
Air  does  not  cause  rusting  of  the  equipment, 
its  leakage  leaves  no  liquid  to  dispose  of, 
and  it  is  usually  more  conveniently  avail- 
able under  suitably  controlled  pressure. 
However,  in  order  to  provide  for  at  least 
some  investigational  testing  at  higher  tem- 
peratures, provision  has  been  made  for  in- 
troducing hot  water  into  the  cell  and  for 
determining  the  temperature  of  this  water 
at   the   time   the   compression    test   is   run. 

In  the  present  design,  the  hot  water  is 
supplied  directly  from  a  hot-cold  mixing 
tap  through  a  hose  to  the  hot  water  fitting- 
at  the  upper  left  (see  fig.  2).  The  cell  is 
filled  with  water  at  a  temperature  just 
slightly  above  the  desired  test  temperature. 
The  water  is  allowed  to  cool  to  test  tem- 
perature as  indicated  by  a  thermometer 
fastened  to  the  inner  surface  of  the  lucite 
cylinder.  The  specimen  is  then  inserted, 
the  desired  pressure  is  applied  by  means  of 
air  acting  on  top  of  the  water,  and  the 
compression  test  is  made.  Regardless  of 
what  predetermined  test  temperature  is 
being  used,  all  test  specimens  are  brought 
to  that  temperature  in  an  automatically 
controlled  air  bath  or  oven  before  being- 
inserted  in  the  cell.  This  method  of  testing 
at  elevated  temperatures  takes  somewhat 
longer  than  would  be  necessary  if  it  were 
possible  to  circulate  water  at  the  correct 
temperature  continuously  through  the  cell 
because,  in  the  present  set-up,  the  water 
has  to  be  blown  out  and  replaced  with 
warmer  water  as  often  as  the  temperature 
falls  noticeably  below  the  desired  test  tem- 
perature. This  has  not  proved  to  be  par- 
ticularly inconvenient,  however,  because  it 
takes  so  little  time  to  insert  a  specimen  and 
make  a  triaxial  test  in  this  equipment. 
Hence,  it  is  possible  to  complete  several 
tests  before   the  water   has   to  be  changed. 


Figure  3. — Inserting  a  specimen  into  the  improved  cell,  ivliich  rests  on  the  detachable  shelf. 


The  Cell  in   Use 

The  cover  photograph  shows  the  cell 
lying  on  its  side,  with  a  specimen  in  place 
for  testing.  The  bottom  plug-  is  at  the 
left,  leaning  against  the  base  plate  of  the 
cell.  The  three  latching-  bars  are  necessary 
to  prevent  the  air  pressure  from  blowing 
the  specimen  and  plug  back  out  through  the 
bottom  opening  and  thus  lifting  the  entire 
cell  off  the   platen   of  the   testing-  machine. 

The  cell  is  shown  resting  on  a  special 
bracket  and  centering  guide  that  may  be 
attached  to  or  removed  from  the  testing- 
machine  in  a  matter  of  seconds.  The 
bracket  shelf  has  an  opening  through  it 
large  enough  for  the  test  specimen  and 
the  plug  to  pass  through  freely  and  is 
so  arranged  that  the  cell  can  be  slid  easily 
directly  onto  it  from  the  platen  of  the 
testing  machine  or  from  the  shelf  onto 
the  machine  in  a  vertical  position.  This 
arrangement  adds  materially  to  the  con- 
venience  and    speed    of   operation. 


Figure  3  shows  the  operation  of  inserting- 
a  test  specimen  or  of  removing-  one.  Note 
that  the  rubber  sleeve  is  considerably  en- 
larged to  permit  free  movement  of  the  spec- 
imen. This  enlargement  of  the  sleeve  is 
obtainad  by  drawing  a  slight  vacuum  on 
the  cell  through  the  rubber  tube  and  needle 
valve  at  the  left  and  top,  respectively.  In 
this  view,  one  of  the  bottom  latch  levers 
is  shown  just  above  the  edge  of  the  bracket 
shelf  and  slightly  to  the  right  of  center  of 
the  cell.  The  vertical  steel  rod  in  the 
foreground  is  one  of  the  three  tie  rods 
with  top  wing  nuts  which  provide  for 
quick  disassembly  of  the  cell  for  cleaning 
and  drying.  Just  to  the  right  of  the  tie 
rod  and  inside  the  cell,  between  the  lucite 
cylinder  wall  and  the  rubber  sleeve,  is  a 
copper  tube  with  one  bottom  side  opening 
and  an  external  stop  cock  at  the  top.  This 
assembly  is  provided  for  introducing  and 
removing  hot  water  when  tests  are  to  be 
made  at  elevated  temperatures.  It  does 
not  have  any  function  when  air  alone  is 
used    as    the   cell-pressure    medium. 
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Replacement  Sleeves 

Replacement  sleeves  are  made  up  in  the 
laboratory  as  often  as  needed.  The  stock 
material  is  dental  dam  rubber  which  is  pur- 
chased in  sheets  0.01  inch  thick,  36  inches 
wide,  and  in  any  length  desired.  To  make 
a  sleeve  for  a  4-  by  8-inch  test  specimen,  a 
strip  of  rubber  about  10%  inches  wide  and 
36  inches  long  is  cut  from  the  stock  sheet, 
attached  along  all  edges  to  a  supporting 
frame,  and  coated  on  portions  of  both  sides 
with  one  coat  of  cold  patching  rubber  ce- 
ment. The  supporting  frame  has  an  opening 
10  ¥2  inches  wide  and  38  inches  long. 
The  rubber  is  attached  to  the  frame 
by  means  of  adhesive  tape,  some  stretching 
of  the  sheet  being  necessary  in  order  to 
accomplish  this.  To  simplify  the  following 
discussion,  one  end  of  the  rubber  sheet  will 
be  referred  to  as  end  A  and  the  other  B. 
In  applying  the  rubber  cement,  the  upper 
side  is  coated  from  end  A,  a  distance  of 
about  25%  inches  toward  end  B,  leaving 
the  last  12%  inches  toward  end  B  uncoated. 
The  under  side  is  coated  from  end  B  toward 
end  A,  a  distance  of  25%  inches.  After  the 
cement  has  dried  thoroughly  in  the  air,  the 
adhesive  tape  holding  end  B  to  the  frame  is 
removed.  A  4-inch-diameter  mandrel  is 
laid  on  this  end,  which  is  uncoated  on  its 
upper  side.  The  rubber  sheet  is  then 
fastened  with  adhesive  tape  to  the  face  of 
the  mandrel.  Then  the  mandrel  is  rolled 
toward  the  other  end,  pulling  the  rubber 
loose  from  the  adhesive  tape  on  the  edges 
of  the  frame  as  it  goes  along.     Three  com- 
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ASPHALT     CONTENT-  PERCENT 

Figure   5. — Effect    of   asphalt    content    on    cohesion    anil    secondary    effect    of 

immersion. 


•ire   4. — The   triaxial   cell   encased    it 
protective  perforated  copper  guard. 


plete  wraps  are  made  and  the  material 
provides  sufficient  overlap  to  produce  a 
four-ply  joint.  The  result  is  a  three-ply 
rubber  sleeve  which,  because  of  its  laminated 
structure,  is  extremely  tough  and  durable. 
Because  of  its  thinness  and  the  fact  that 
it  is  composed  of  new,  live  natural  rubber, 
the  sleeve  is  so  resilient  that  it  has  no  ap- 
preciable stiffness  and  has,  therefore,  no 
detectable  effect  on  the  test  results  that 
can  be  attributed  to  its  physical  character. 
Because,  in  wrapping  the  cement-coated 
sheet  on  the  mandrel,  one  of  the  uncoated 
ends  is  applied  first  and  the  other  uncoated 
end  goes  on  last,  the  inside  and  the  out- 
side of  the  finished  sleeve  are  not  fouled 
with  unneeded  cement.  The  operation  of 
removing  the  sheet  from  the  supporting 
frame  and  wrapping  it  on  the  mandrel  re- 
quires considerable  care  to  prevent  fold- 
ing, wrinkling,  or  creasing,  and  to  maintain 
a  suitable  tension  while  the  rolling  is  being 
done.  The  first  few  attempts  are  quite 
apt  to  be  disappointing,  but  it  will  be  found 


that  a  satisfactory  technique  can  be  de- 
veloped and  that  the  resulting  product  is 
highly  satisfactory  from  a  technical  stand- 
point. 

To  remove  the  finished  sleeve  from  the 
mandrel  it  is  simply  rolled  back  at  one  end 
and  turned  wrong  side  out,  the  strip  of 
tape  being  pulled  loose  from  the  mandrel 
in  the  process.  Final  preparation  of  the 
sleeve  for  installation  in  the  cell  consists 
of  trimming  off  the  inside  flap  formed  by 
the  tape  and  squaring  the  ends,  also  by 
trimming. 

The  sleeve  is  attached  to  the  upper  plate 
or  plunger  of  the  cell  by  first  cementing 
and  then  wrapping  with  cotton  cord  or 
large  rubber  bands.  As  previously  noted, 
it  is  attached  around  the  bottom  plate 
opening  with  two  interlocking  clamping- 
rings  which  are  screwed  to  the  bed  plate, 
the  folds  of  the  sleeve  around  the  lower 
clamping  rin«-  constituting  the  sealing 
gasket.  The  extra  2%  inches  of  sleeve 
length    provided    by    cutting    the    original 
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Table  1. — Effect  of  varying  the  asphalt  content  of  bituminous  mixtures  on  cohesion, 
friction,  and  unconfined  compressive  strength  before  and  after  immersion 


Parts 

asphalt 

per  100  of 

aggregate 

Results  '  of  tests — 

Retention  of  character- 
istics after  immersion 

On  dry  specimens 

On  wet  specimens  • 

Unconfined 
compression 

Cohesion 

Friction 

Unconfined 
compression 

Cohesion 

Friction 

Retained 
strength  • 

Retained 
cohesion 4 

2 

4 
4 
4 
6 
6 
6 
8 
8 

P.s.i. 

290 

268 
374 
384 
379 
3"76 
369 
392 
258 
248 

P.s.i. 
52 

Til  II    0 

1.  19 

96 

1  .  03 

P.s.i. 
113 

P.s.i. 
23 

Tan  a 

1  .OS 

Percent 
41 

Pern  ill 

11 

81 
78 

248 

64 

.71 

65 

73 
87 

81 

92 
96 

87 
85 

.83 

.85 

.i.l 
56 

276 
220 

79 

1,4 

67 

.70 

1  Averages  of  three  determinations. 

-  After  immersion  in  water  at  120°  F.  for  4  days. 

3  Retained  strength  =  (strength  after  immersion  -s- 

4  Retained  cohesion    =  (cohesion  after  immersion 


average  of  dry  strengths  for  same  mixture)   X  100. 
S-  average  of  dry  cohesions  for  same  mixture)   X   100. 


strip  10%  inches  instead  of  8  inches  wide 
are  needed  for  making  these  connections  and 
for  trimming. 

Testing  Practice 

Figure  1  shows  the  cell  in  place  on  the 
platen  of  the  testing  machine  with  the  air- 
pressure  hose  from  the  back-pressure  regu- 
lator connected  at  the  upper  right  of  the 
cell  and  the  pressure  gage  mounted  on  the 
base  of  the  cell.  Tests  are  currently  being 
made  at  cell  pressures  of  0,  30,  and  60 
pounds  per  square  inch.  Also  shown  in 
figure  1  is  the  compressometer  that  is  used 
in  obtaining  load-deformation  recordings 
of  all  the  tests.  The  feeler  of  the  com- 
pressometer is  actuated  by  a  polished  bear- 
ing face  in  the  stem  of  the  upper  bearing 
plate  of  the  testing  machine  on  a  line  which 
is  an  extension  of  the  vertical  axis  of  the 
test  specimen.  The  recording  drum  may 
be  seen  at  the  right  of  the  large- load  indi- 
cator  dial. 

In  conducting  triaxial  tests  in  the  Public 
Roads  laboratory,  as  well  as  all  other  com- 
pressive tests  of  bituminous  paving  mix- 
tures, the  specimens  are  stressed  to  failure 
by  continuously  increasing  loading  and, 
therefore,  continuously  increasing  deforma- 
tion. A  rate  of  vertical  deformation  of  0.05 
inch  per  minute  per  inch  of  specimen  height 
is  used.  Thus,  if  the  test  specimen  is  8 
inches  high,  the  platen  speed  is  0.4  inch 
per  minute  and  for  a  4-inch  specimen  it  is 
0.2  inch  per  minute.  Although  this  unit 
rate  of  deformation  was  selected  somewhat 
arbitrarily  and  possibly  has  no  superiority 
over  any  other  reasonable  rate,  it  is  ex- 
tremely important  that  all  test  results  that 
are  to  be  compared  with  one  another  for 
evaluation  of  one  or  more  characteristics 
should  be  obtained  under  some  inflexible 
set  of  standard  conditions.  The  plastic  or 
semi-plastic  bituminous  mixtures  are  es- 
pecially sensitive  to  such  factors  as  rate  of 
deformation  and  temperature.  High  rates 
of  deformation  result  in  high  cohesion  val- 


ues and  high  compressive  strength  values, 
while  high  temperatures  have  the  opposite 
effect  and  result  in  low  cohesion  and  com- 
pressive strength  values.  Therefore,  the 
greatest  care  must  be  exercised  to  maintain 
the  rate  of  deformation  and  the  specimen 
temperature  as  nearly  constant  as  possible 
during  the  tests. 


13 


Up  to  this  point,  the  features  and  tech- 
niques having  to  do  primarily  with  the  pro- 
duction of  satisfactory  test  data  have  been 
considered.  Before  presenting  illustrative 
test  data,  mention  should  be  made  of  the 
difficulty  that  was  experienced  in  the  early 
use  of  the  triaxial  test  for  bituminous  mix- 
tures because  of  the  adhesion  of  the  speci- 
men to  the  rubber  sleeve  and  to  the  upper 
bearing  plate  or  plunger.  A  simple  solu- 
tion for  this  trouble  was  found  to  be  a 
light  dusting  of  the  specimen  with  powdered 
talc  just  before  making  the  test.  This 
practice  has  not  only  eliminated  the  opera- 
tional difficulties,  but  has  added  materially 
to  the  useful  life  of  the  rubber  sleeve,  first, 
by  keeping  it  free  of  bituminous  material 
which  tended  to  soften  it  eventually  and 
second,  by  protecting  it  to  some  extent 
from  being  punctured  or  ruptured  by  speci- 
mens having  abrasive  or  porous  surfaces. 

A    Cell  Guard 

A  recent  addition  to  the  cell  has  been 
made  to  guard  the  operator  against  injury 
in  case  of  failure  of  the  lucite  cylinder  to 
withstand  the  internal  air  pressure.  Re- 
cently,  an   operator  in   a   State   laboratory 
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Figure   6. — Effect   of   asphalt   content   on    internal   friction    and   secondary 
effect   of   immersion. 
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was  seriously  injured  by  flying  particles 
of  lucite  when  the  internal  air  pressure 
exploded  the  cylinder.  The  use  of  com- 
pressed air  always  entails  the  danger  of 
an  explosive  rupture  of  the  equipment. 
This  danger  is  not  present  when  a  liquid 
pressure  medium  is  used,  unless  the  liquid 
is  pressurized  with  compressed  air.  Fig- 
ure 4  shows  the  protective  addition — a 
perforated  sheet-copper  shield  that  has  been 
placed  around  the  lucite  cylinder  to  cushion 
a  possible  rupture  and  to  retard  the  flight 
of  broken  pieces  of  lucite.  It  is  believed 
that  this  is  an  important  precaution  that 
should  be  taken  even  though  the  equipment 
may  have  been  pretested  at  a  pressure  con- 
siderably higher  than  that  to  be  used  in 
normal  operation. 

Of  course,  the  lucite  might  be  replaced 
by  a  brass  or  steel  cylinder,  but  the  trans- 
parent cylinder  has  the  definite  advantage 
of  permitting  observation  of  test  conditions, 
some  of  which  have  a  bearing  on  the  re- 
sults, and  the  perforated  copper  shield  does 
not  interfere  seriously  with  this  feature 
of  the  lucite  cylinder. 


first  being  carefully  spaded  around  the  edge 
and  leveled  in  the  mold  to  reduce  surface 
voids  and  local  strains  during  compression. 
This  initial  spading  and  leveling  with  a 
thin-bladed  spatula  has  been  employed  for 
several  years  and  has  been  found  to  aid 
materially  not  only  in  producing  specimens 
of  more  uniform  appearance,  but  specimens 
having  more  uniform  densities  and  less  ag- 
gregate degradation  than  was  the  case  be- 
fore it  was  adopted.  The  4-  by  4-inch  spec- 
imens were  used  because  it  was  desired  to 
include  the  previously  mentioned  study  of 
the  effect  of  water  and  it  had  been  found 
that  4-  by  8-inch  specimens  were  very  diffi- 
cult to  handle  after  immersion  without  de- 
forming them  and  rendering  the  test  re- 
sults somewhat  erratic.  All  compression 
tests  were  made  at  77° F.  on  both  dry  and 
wet  groups. 

Test  Results 

The  data  shown  in  table  1  have  been 
plotted  in  figures  5-8  to  show  graphically 
the    various    relations    to    be    investigated. 


Figure  5  shows  the  effect  on  the  cohesion 
values  resulting  from  varying  the  asphalt 
content  from  2  to  8  parts  by  weight  per 
100  parts  of  aggregate,  both  before  and 
after  immersion  in  water.  In  the  bottom 
curve,  the  gradually  increasing  tendency  of 
the  richer  mixtures  to  resist  the  action  of 
the  water  is  shown  by  plotting  the  percent- 
age of  the  cohesion  of  the  dry  specimens 
that  was  retained  after  the  immersion  per- 
iod, against  the  asphalt  content  of  the 
mixtures.  The  rise  of  the  cohesion  curves 
for  both  the  dry  and  wet  specimens  from 
relatively  low  values  for  the  lean  mixtures 
to  optimum  values  for  some  intermediate 
asphalt  content  and  then  the  quick  falling 
off  of  the  cohesion  values  for  the  excessively 
rich  mixture  are  characteristic.  Of  special 
interest  is  the  indication,  which  might  be 
expected,  that  the  lean  mixtures  may  be 
very  susceptible  to  the  action  of  water, 
while  the  8-percent  mixture,  having  its 
pore  spaces  virtually  sealed  or  filled  with 
asphalt,  is  almost  unaffected  by  immersion 
insofar  as  the  cohesion  reflects  this  effect. 


Preliminary  Tests   With  New  Cell 

While  the  primary  purpose  of  this  paper 
is  to  describe  the  equipment  that  has  been 
developed  in  the  Public  Roads  laboratory 
for  the  triaxial  compression  testing  of  bi- 
tuminous paving  mixtures,  it  will  be  of 
interest  to  present  some  data  that  have 
been  developed  in  order  to  convey  an  idea 
of  how  successfully  the  present  equipment 
performs. 

In  table  1,  there  are  shown  the  data  re- 
sulting from  a  preliminary  investigation  of 
the  effect  of  variations  in  asphalt  content 
on  the  cohesion  and  friction  values  and  on 
the  unconfined  compression  values  for  a 
series  of  bituminous  mixtures  that  were 
identical  in  all  respects  except  asphalt  con- 
tent. A  secondary  purpose  of  this  study 
was  to  determine  the  effect,  on  the  triaxial 
and  unconfined  compression  test  values,  of 
immersing  the  same  series  of  mixtures  in 
water  at  120°   F.  for  4  days. 

The  aggregate  used  in  all  the  mixtures 
was  a  combination  of  crushed  granite  hav- 
ing- little  resistance  to  the  stripping  action 
of  water,  Potomac  River  sand,  and  limestone 
dust.  The  various  aggregate  fractions  were 
weighed  out  in  batches,  each  of  just  suffi- 
cient quantity  to  form  one  4-  by  4-inch  test 
cylinder.  These  individual  aggregate  batches 
were  preheated  to  the  mixing  temperature 
of  approximately  325°  F.  in  an  automatically 
controlled  electric  oven  and  then  mixed  with 
the  asphalt  in  a  special  laboratory  mixer 
having  a  maximum  capacity  of  slightly  more 
than  2,000  grams.  The  asphalt  was  an 
85-100  penetration  grade  having  an  actual 
penetration  of  95.  Tt  was  brought  to  the 
mixing  temperature  just  before  adding  it  to 
the  aggregate  in  the  mixer  and  only  enougrh 
asphalt  was  heated  at  one  time  to  make 
one  batch.  The  mixtures  were  compacted 
in  a  double-plunger  cylindrical  mold  under 
a  load  of  3,000  pounds  per  square  inch  after 
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Figure   7. — Effect    of   asphalt   content   on    unconfined   compressive   strength   and 
secondary   effect   of   immersion. 
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Figure    8. 


4  6 

ASPHALT  CONTENT -PERCENT 

-Effect    of    asphalt    content    oil    cohesion,    uncon fined    compressive    strength, 
and   internal   friction. 


Figure  6  shows  the  effect  of  increasing 
asphalt  content  in  reducing,  at  an  almost 
uniform  rate,  the  internal  friction  of  the 
mixtures  prior  to  immersion.  On  super- 
ficial consideration  of  the  lower  curve,  show- 
ing the  additional  loss  in  friction  when  the 
specimens  were  immersed,  it  might  seem 
illogical  that  the  very  lean  mixture  is  af- 
fected much  less  than  any  of  the  others,  in- 
cluding those  of  intermediate  or  near-opti- 
mum asphalt  content. 

On  more  careful  analysis,  it  appears  that 
this  might  be  explained  in  this  way:  The 
lean  mixture  contains  so  little  asphalt  that 
its  internal  friction  is  almost  the  same  as 
that  of  the  aggregate  itself.  However,  it 
makes  little  difference  how  much  water 
enters  the  mixture,  insofar  as  the  effect  on 
friction    is    concerned,    because    water    has 


such  a  low  viscosity  that  without  pore 
pressure  it  has  almost  no  effect  on  the 
friction  of  granular  aggregates.  The  mix- 
tures of  intermediate  asphalt  content  still 
have  enough  pore  spaces  to  admit  consid- 
erable amounts  of  water,  but  the  pore 
openings  are  probably  enough  restricted  by 
asphalt  so  that,  when  the  specimens  are 
loaded,  the  water  creates  some  pore  pres- 
sure as  shearing  occurs  and  thus  affects  the 
internal  friction  to  a  marked  degree.  The 
very  rich  mixture  admits  little  water  and, 
therefore,  as  compared  to  the  mixtures  be- 
fore immersion,  is  less  affected  than  the 
intermediate  ones.  It  seems  fairly  safe  to 
assume  that  a  little  more  asphalt  would 
completely  seal  out  the  water  and,  at  some 
point  to  the  right,  the  two  curves  might 
become    one.     At    such    a    point    both    the 


cohesion  and  internal  friction  would  be  so 
low  that  the  mixture  would  have  only  as 
much  supporting  value  as  would  be  pos- 
sessed  by   asphalt   alone. 

Figure  7  shows  relations  between  uncon- 
fmed  compressive  strength  and  asphalt  con- 
tent that  are  strikingly  similar  to  the  co- 
hesion curves  of  figure  5,  probably  indi- 
cating that  the  unconfined  compression 
values  are  affected  more  by  the  cohesion 
factor  than  by  the  internal  friction.  This 
is  also  indicated  in  figure  8  where  the  co- 
hesion, unconfined  compression,  and  fric- 
tion values  for  the  water-free  specimens 
are  shown  in  their  relation  to  each  other. 
However,  the  influence  of  friction  is  also  to 
be  seen  in  the  compression  values  at  the 
right,  in  that  as  soon  as  the  cohesion  values 
pass  the  maximum  and  begin  to  fall  off 
the  compression  curve  falls  at  an  increasing 
rate,  as  if  drawn  downward  by  the  rapidly 
falling  friction  curve. 

While  the  test  data  that  have  been  pre- 
sented are  not  extensive,  it  being  the  pur- 
pose of  this  paper  to  describe  certain  de- 
velopments in  the  equipment  and  techniques 
rather  than  to  report  extensively  on  the 
application,  it  is  felt  that  they  are  consis- 
tent and  indicative  of  the  characteristics  of 
the  materials.  In  most  respects,  the  data 
tend  to  corroborate  the  findings  of  other 
investigators  who  have  used  essentially  simi- 
lar equipment. 

As  to  the  choice  of  cell  tvpe,  it  annears 
that  any  one  of  several  that  are  in  "se 
today  can  be  used  successfully  The  wide- 
spread interest  in  the  triaxial  test  and  the 
numerous  very  stimulating  papers  and  re- 
ports that  have  been  written  recently  on 
the  subject  indicate  that  the  triaxial  test 
is  definitely  a  valuable  research  tool.  Its 
demonstrated  value  as  such  will  justify 
considerable  effort  to  select  or  develop  the 
most  convenient  and  dependable  model  pos- 
sible and  then  to  standardize  it  so  that 
those  who  use  the  triaxial  method  of  test 
may  speak  the  same  language  when  they 
want  to  discuss  the  factors  that  affect 
cohesion  and  internal  friction. 
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Highway  Control  Sections 

Their  Establishment  and  Use 
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ADMINISTRATIVE  RESEARCH  BRANCH 
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Reported  by  GORDON  D.  GRONBERG. 
Highway  Economist 


The  division  of  a  highway  system  into  permanently  established  highway 
control  sections  provides  logical,  practical,  and  convenient  units  for  which  a 
vast  amount  of  highway  cost  and  performance  data  may  be  recorded  in  an 
organized  fashion.  The  use  of  a  uniform  accounting  system  is  important  if  the 
data  so  compiled  are   to  be  of   value. 

Cost  data  obtained  from  control  sections  are  used  in  the  preparation  of 
highway  construction  and  maintenance  budgets  and  for  analyses  and  comparisons 
of  construction  and  maintenance  costs  by  surface  types,  roadway  widths,  surface 
thicknesses,  year  of  construction,  and  topographic  locations.  Special  investiga- 
tions have  been  undertaken  by  control  sections  to  study  soil  conditions,  influence 
of  traffic  on  various  surface  types,  costs  per  vehicle-mile,  and  construction  and 
maintenance   economics. 


THERE  exists  today  in  every  State  a 
great  need  for  a  centrally  located  and 
organized  body  of  data  relating  to  every 
phase  of  highway  management,  operation, 
and  performance.  The  increasing  demands 
for  all  kinds  of  information  for  planning, 
programing,  administrative,  and  legislative 
purposes  have  highlighted  this  need.  The 
most  effective  means  of  accomplishing  the 
assembly  of  such  a  vast  amount  of  data  in 
an  organized  fashion  is  through  the  estab- 
lishment of  highway  control   sections.1 

In  essence,  the  control  section  procedure 
involves  the  division  of  the  highway  system 
into  convenient,  practical  units  for  which 
design,  construction  and  maintenance  cost, 
inventory,  and  performance  records  are 
kept  on  a  uniform  and  continuing  basis. 
Once  established,  the  units  are  permanently 
fixed  so  that  records  maintained  through  the 
years  will  be  directly  comparable.  The  con- 
trol section  system  described  in  this  article 
has   already   been   adopted   by    17    States. 

One  of  the  problems  that  has  confronted 
the  highway  administrator  has  been  the 
recording  of  highway  expenditures  in  a 
manner  that  will  permit  comparisons  of 
construction  and  maintenance  costs  for  var- 
ious sections  of  the  highway  system.  It  has 
generally  been  impossible,  in  the  past,  to 
correlate  construction  costs  with  mainte- 
nance costs,  as  maintenance  sections  were 
often  consolidated,  eliminated,  or  adjusted 
from    year   to   year.     The    establishment  of 


'  Highway  control  sections,  by  Fred  B.  Farrell. 
American  Highways,  vol.  25,  No.  1,  January  194B. 
Published  by  the  American  Association  of  State  High- 
way Officials.  Also,  Report  of  the  Committee  on  High- 
way Costs,  Department  of  Economics.  Finance,  and 
Administration.  Highway  Research  Board.  Highway 
Research  Correlation  Service  Circular  No.  61,  May 
1919. 


control  sections  and  the  reporting  of  con- 
struction and  maintenance  costs  on  a  uni- 
form basis  will  make  these  comparisons 
possible. 

Uniform  construction  and  maintenance 
operation  and  cost  records  kept  for  perma- 
nently designated  control  sections  enable 
States  to  make  comparisons  of  costs  based 
on  similar  pieces  of  property;  factual  in- 
formation can  be  obtained  on  various  kinds 
of  highway  work  as  affected  by  climate, 
traffic,  etc.;  and  studies  can  be  undertaken 
on  the  annual  costs  for  each  control  section.2 
The  information  is  also  of  fundamental 
value  in  the  management  of  a  highway  de- 
partment on  an  efficient  basis. 

Nature  of  Control  Sections 

Highway  control  sections  are  segments 
of  highway  whose  termini  are  county  lines 
and  major  intersecting  routes.  In  certain 
cases,  other  criteria  such  as  changes  in 
topography  (mountainous  or  non-mountain- 
ous), traffic  characteristics,  and  adaptability 
as  maintenance  sections  have  been  used. 
Where  a  bridge  is  encountered  at  the  ter- 
mini of  two  control  sections  or  at  a  county 
line,  the  bridge  and  approaches  are  usually 
included  in  their  entirety  in  one  or  the 
other  control  section.  In  some  States,  be- 
cause of  shared  financial  responsibility, 
etc.,  it  has  been  necessary  to  distribute  a 
proportionate  share  of  the  cost  of  such 
bridges  to  each  county.  Major  structures, 
interchanges,  traffic  circles,  Y  connections, 
ramps,  etc..  are  included  either  with  the 
control    section    on    the    main    or    through 


-A  procedure  for  'determining  the  annual  cost  of  a 
sectwn  of  rural  highway,  by  H.  W.  Hansen.  Public 
Roads,  vol.   26,   No.  .7,  April   1951. 


route  or  with  the  route  on  which  they  were 
constructed.  These  special  highway  facili- 
ties can  also  be  set  up  as  separate  control 
sections,  if  desired. 

The  essential  attributes  of  a  desirable 
control  section  are  fourfold.  The  control 
section  should  be,  first,  a  unit  with  a  reason- 
ably uniform  traffic  volume  throughout  its 
length;  second,  a  logical  unit  for  develop- 
ment to  the  same  general  type  and  stand- 
ard; third,  a  practical  unit  for  reporting 
maintenance  costs;  and  fourth,  a  convenient 
unit  for  the  compilation  of  statistical  and 
research  data  involving  the  assembly  and 
correlation  of  construction  and  maintenance 
expenses,  service-life  characteristics,  traf- 
fic data,  design  standards,  etc. 

The  length  of  control  sections  varies,  de- 
pending on  the  frequency  of  intersections, 
changes  in  topography,  etc.  In  the  eastern 
part  of  the  United  States  the  average  length 
is  5  to  8  miles,  in  the  central  part  from  10 
to  12  miles,  and  in  the  western  part  from 
15  to  18  miles. 

Once  established,  control  sections  are  per- 
manent units  of  the  highway  and  are  not 
to  be  changed  except  as  necessitated  by  re- 
location or  where  extensions  of  or  additions 
to  the  highway  system  are  encountered  in 
the  future.  These  control  sections  are 
utilized  by  each  division  of  the  highway 
department — planning,  programing,  right- 
of-way,  design,  construction,  maintenance, 
and  accounting. 

Control  sections  have  already  been 
adopted  in  17  States,  and  are  under  discus- 
sion in  many  of  the  remaining  States. 
Control  sections  are  established  on  the  entire 
State  highway  system.  In  a  few  States 
they  have  also  been  established  on  the  State- 
aid  roads  in  addition  to  the  State  highway 
system.  It  is  of  interest  to  note  that  control 
sections  have  been  put  into  use  in  Puerto 
Rico  and  in  Turkey. 

The  general  objectives  of  the  control  sec- 
tion procedure  are  clear  cut  and  should 
not  be  made  complicated  or  rendered  burden- 
some by  the  incorporation  of  too  much  de- 
tail. Further,  before  control  sections  are 
put  into  operation  the  field  personnel  should 
be  carefully  schooled  and  fully  instructed 
in  the  most  practical  methods  of  reporting 
operations  and  costs. 
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Figure   1. — A   portion   of   the   control   section    system    in    Idaho. 


Establishing  Control  Sections 

For  an  average  State  the  establishment 
of  control  sections  on  the  State  highway 
system,  involving  selection  and  designation 
of  termini  and  other  preliminary  woi'k 
necessary  in  outlining  a  general  plan  of 
operation,  can  usually  be  accomplished  in 
2  or  3  weeks.  In  making  the  change-over 
to  the  new  procedure,  the  work  of  drafting 
control  sections  on  county  maps,  preparing 
control  section  descriptions,  revising  pay 
roll  and  other  forms,  and  instructing  field 
personnel  in  the  use  of  new  forms  and 
coding  procedures  ordinarily  takes  from 
6  to  8  months. 

A  control  section  committee,  composed  of 
the  heads  of  the  various  divisions  of  the 
highway  department,  is  usually  organized 
when  a  State  undertakes  the  establishment 
of  control  sections.  Any  proposed  changes 
in  control  section  termini  or  the  addition 
of  new  sections  due  to  relocations  or  addi- 
tions to  the  system  are  subject  to  the  review 
and  approval  of  the  committee.  It  is  also 
the  function  of  this  committee  to  supervise 
the  drafting  of  control  sections  on  county 
maps,  to  write  control  section  descriptions, 
to  prepare  manuals  of  instruction  for  re- 


porting costs  by  uniform  cost  classification, 
and  to  coordinate  its  activities  with  those 
of  the  Bureau  of  Public  Roads  in  Federal- 
aid  route  and  project  numbering  and  other 
matters  of  joint  interest. 
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Once  control  sections  have  been  estab- 
lished, a  special  project  under  the  highway 
planning  division  of  the  State  highway 
department  can  be  set  up  to  bring  the  his- 
torical construction  data,  particularly  con- 
struction costs,  up  to  current  status  on  a 
control  section  basis  for  use  in  various 
types  of  economic  road  cost  analyses. 

Numbering  and   Termini 

It  is  general  practice  to  use  a  four-  to 
six-digit  number  to  identify  the  control 
section.  The  first  two  or  three  digits 
usually  indicate  the  county  number  in  alpha- 
betical order,  and  the  last  two  or  three  digits 
indicate  the  section  number  within  the 
county. 

Figure  1  shows  a  portion  of  the  control- 
section  set-up  established  in  Idaho.  These 
control  sections  are  a  fixed  series  of  road 
sections  upon  which  all  construction  costs, 
maintenance  costs,  traffic,  and  other  opera- 
tional data  are  kept  by  the  State  as  a  mat- 
ter of  permanent  record. 

Figure  2  illustrates  the  suggested  pro- 
cedure for  handling  control  section  termini 
at  rural  road  intersections.  As  shown  at 
the  left  in  the  figure,  where  the  main  route 
intersects  a  secondary  route,  the  main  route 
is  continuous  and  the  secondary  route  breaks 
at  the  intersection.  As  shown  at  the  right 
in  the  figure,  where  the  main  route  inter- 
sects a  more  important  secondary  route,  the 
volume  of  traffic  at  the  intersection  war- 
rants a  break  in  both  routes.  This  can  be 
handled  by  dividing  the  main  route  into 
two  control  sections  with  a  Y  connection  in 
each  section,  or  by  treating  the  entire  inter- 
section as  a  separate   control  section. 

The  principle  of  control  sections  can  also 
be  applied  to  city  streets,  in  which  case  each 
block  and  each  intersection  becomes  a  con- 
trol section.3  Figure  3  illustrates  the  meth- 
od of  establishing  control  sections  in  cities. 


!  Milwaukee  methods  of  determining  and  controlling 
lengths  of  blocks  and  intersections,  by  R.  W.  Gamble. 
Proceedings  of  the  Highway  Research  Board,  vol.  26, 
1946. 


Figure   2. — Control   section    termini   at   rural   intersections. 
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Figure  3. — Control  section  termini  in  a  city. 


Figures  4  and  5  are  examples  of  the  meth- 
ods that  have  been  used  by  various  States 
to  physically  designate  control  section  ter- 
mini. In  Maine  (fig.  4),  the  control  section 
number  that  can  be  seen  from  the  road  is 
the  section  being  entered.  In  Nevada  (fig. 
5),  the  posts  are  set  at  an  angle  and  both 


Figure  4. .4   Maine  control  section   marker. 
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control  section  numbers  are  visible  from 
the  road.  Control  sections  in  Nevada  are 
designated  by  two  letters  and  two  numbers, 
the  former  identifying  the  county  and  the 
latter  identifying  the  control  section  within 
that  county. 

Subsections 

The  various  divisions  of  the  highway  de- 
partment may,  for  their  own  purposes,  de- 
sire to  break  down  control  sections  into 
smaller  segments.  To  accomplish  this,  con- 
trol sections  can  be  divided  into  subsections 
at  urban  limits,  changes  in  surface  type, 
variation  in  widths  and  ages,  and  for  such 
highway  facilities  as  bridges,  interchanges, 
traffic  circles,  and  grade  crossings.  Sub- 
sections are  also  utilized  for  traffic  or  ac- 
cident studies,  soil  condition  surveys,  or 
any  special  purpose  or  study  that  a  State 
desires  to  undertake.  The  establishment  of 
subsections  is  ordinarily  left  to  the  dis- 
cretion of  each  division  of  the  highway  de- 
partment. Accordingly,  the  subsections  may 
not  be  uniform  among  the  various  divisions. 

There  is  no  specifically  recommended  sys- 
tem of  numbering  subsections.  One  system 
in  use  involves  numbering  subsections  con- 
secutively within  a  control  section,  utilizing 
a  two-  or  three-digit  number.  If  it  is  de- 
sired to  identify  particular  types  of  highway 
facilities,  then  blocks  of  numbers  can  be 
used  for  unincorporated  or  incorporated 
areas,  bridges,  special  types  of  intersections, 
traffic  circles,  etc. 

Another  system  uses,  as  an  identifying 
number  for  each  subsection,  the  distance,  in 
hundredths  of  a  mile,  that  the  subsection 


is  from  the  western  or  southern  end  of  the 
control  section.  It  may  be  preferable  to 
ignore  the  actual  direction  of  the  individual 
control  section  and  use  the  prevailing  direc- 
tion of  the  route  on  which  the  control  section 
is  located.  In  this  manner,  all  subsections 
will  be  numbered  according  to  mileages 
measured  in  the  same  general  direction  for 
any  particular  route,  thus  facilitating  the 
preparation  of  logs,  etc.  If  this  scheme 
is  used  the  first  subsection  within  each  con- 
trol section  will  be  numbered  0000,  indicat- 
ing that  the  subsection  starts  at  one  end 
of  the  control  section.  A  subsection  num- 
bered 0351  would  be  the  subsection  starting 
3.51  miles  from  the  western  or  southern  end 
of  the  control  section. 

Uniform  Cost  Accounting 

From  the  standpoint  of  keeping  cost  rec- 
ords, only  part  of  the  job  has  been  ac- 
complished when  control  sections  have  been 
established.  It  is  equally  important  that 
the  costs  themselves  be  reported  on  a  uni- 
form, logical,  and  practical  basis. 

The  adoption  of  a  uniform  system  of  ac- 
counts by  State  highway  departments  will 
enable  comparisons  of  costs  and  accomplish- 
ments among  States  to  be  made  which  would 
lead  to  more  effective  ways  and  means  of 
planning,  programing,  constructing,  and 
maintaining  highways.  Similar  advantages 
can  be  obtained  by  local  governmental  units 
having   responsibilities    for   road  affairs.' 


4  7s  cost  accounting  worth  its  cost  [to  counties]"! 
Better  Roads,  vol.  20,  No.  9,  September  1950.  The 
uniform  cost  accounting  system  for  Wisconsin  county 
highway  departments,  by  W.  B.  Blair,  Western  Builder, 
June  1,  1950.  A  standardized  system  of  fiscal  and  cost 
accounting  (manual  for  the  office  of  the  county  engi- 
neer in  the  counties  of  Kansas),  by  a  Committee  of  the 
Kansas    County    Engineers    Association,    August    1950. 


Figure  5. — A  Nevada  control  section  marker. 
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The  construction  and  maintenance  cost 
aata  reported  by  control  sections  are  being- 
used  by  tne  omciais  01  tne  State  highway 
departments  in  planning  hnancial,  construc- 
tion, and  maintenance  programs.  One  of 
the  more  recent  uses  being  made  of  the 
construction  and  maintenance  cost  data  is 
the  uetermination  of  the  annual  cost  of 
sections  of  the  highway.  Such  work  is  cur- 
rently under  way  in  connection  with  the 
special  load-condition  surveys. 

A  practical  and  efficient  system  of  cost 
accounting  has  long  been  recognized  as  an 
essential  part  of  the  routine  functions  of 
a  highway  agency.  The  generally  accepted 
guide  on  accounting  procedures  is  the  pre- 
liminary manual  of  accounting  procedure 
for  State  highway  departments  prepared  by 
the  Subcommittee  on  Uniform  Accounting 
of  the  American  Association  of  State  High- 
way Officials.  In  a  1949  survey "  of  the 
accounting  procedures  of  the  State  highway 
departments  it  was  found  that  there  were 
only  10  States  which  kept  construction  cost 
accounts  that  conformed  to  or  had  only 
minor  deviations  from  the  recommended  ac- 
counts of  the  Subcommittee.  In  3  States 
the  construction  accounts  had  major  devia- 
tions from  the  recommended  accounts,  and 
in  35  States  no  classified  construction  ac- 
counts were  kept  at  all. 

According  to  the  survey,  however,  even  in 
States  which  have  established  uniform  con- 
struction and  maintenance  cost  accounts 
there  are  cases  where  sound  accounting 
practices  are  violated  to  an  extent  that  im- 
pairs the  value  of  the  cost  records  obtained. 
One  of  the  most  frequent  deviations  from 
the  recommended  procedures  is  in  the  pro- 
rating of  many  items  of  expense. 

One  of  the  objectives  of  the  uniform  ac- 
counting system  is  to  show  the  true  expen- 
ditures for  construction  and  maintenance, 
regardless  of  whether  construction  or  main- 
tenance funds  are  involved,  whether  the 
work  is  done  by  contract  or  day  labor,  or 
whether  it  is  performed  under  the  super- 
vision of  construction  or  maintenance  divi- 
sions. In  many  States,  additions  and  bet- 
terments to  the  highway  svstem  are  done 
by  maintenance  forces  and  paid  for  from 
maintenance  funds.  Since  additions  and 
betterments  are  construction  and  not  main- 
tenance, in  that  they  are  capital  invest- 
ments which  increase  the  value  of  the  high- 
way facilities,  they  should  be  reported  as 
construction  even  though  maintenance  funds 
are  used  and  maintenance  personnel  per- 
form the  work. 

Construction  Cost  Accounts 

Construction  cost  accounts  have  been  rec- 
ommended by  the  Subcommittee  on  Uniform 
Accounting  of  the  American  Association  of 
State  Highway  Officials  for  recording  con- 
struction operations,  and  have  been  adopted 
in   17   States  in  connection   with  the  estab- 


5  Status  of  fixed  asset  and  maintenance  cost  ac- 
counting by  State  highway  departments,  by  the  Com- 
mittee on  Highway  Costs,  Department  of  Economics. 
Finance.  and  Administration.  Highway  Research 
Board.  Highway  Research  Correlation  Service  Circular 
No.   7fi.    August   1949. 


lishment    of   control    sections.     The   recom- 
mended   construction    accounts    are    as   fol- 
lows : 
/.     Righ  t-of-way : 

Purchase  cost. 

Costs  in  lieu  of  purchase. 

Damages. 

Expenses. 

Right-of-way  fence  costs. 

Right-of-way  marker  costs. 

2.  Preliminary  engineering: 

Salaries. 

Expenses. 

Equipment  rentals  for  field  parties  on 

reconnaissance. 
Materials  investigations. 
Foundation  tests. 
Office   engineering  in   connection  with 

field  surveys. 
Plans  and  estimate  preparations. 
Supplies  for  field  parties. 

3.  Construction  engineering : 

Salaries. 
Expenses. 
Supplies. 

Equipment   rentals  for  field   engineer- 
ing. 
Inspection  costs. 
Office  engineering  expenses. 
Materials  testing  and  inspection. 
Preparation  of  final  reports. 
Project  and  station  markers. 
{.     Roadway  drainage  and  grading: 
Clearing  and  grubbing. 
Excavation  of  earth  and  rock. 
Fine  grading   and  excavation  of  sub- 
grade. 
Overhaul. 
Borrow. 

Back  sloping-  and  finishing  earth  shoul- 
ders. 
Purchase  cost  of  earth  fill  for  roadway 
when    title    to    land    remains    with 
seller. 
Grading  for  approaches  and  driveway 

entrances. 
Widening  of  shoulders,  fills,  and  grade 

line  changes. 
Moving     buildings,      structures,      and 
fences  when  not  a  right-of-way  con- 
sideration. 
Selection   of  material    for   subgrade. 
Frost  boil  prevention  work. 
Rolling  and  compacting  fills. 
Shoulder  lift  when  required  by  resur- 
facing roadway. 
Fills     for     bridge     and     overpass     ap- 
proaches. 
Open  drainage  ditches. 
Channel  changes. 

Tile    and    other   subdrains,  except  be- 
neath roadway  surfaces. 
Dikes  and  levees. 
5,     Drainage     and     earthwork     protective 
structures : 
Culverts  of  20-foot  span  or  less. 
Farm  entrance  culverts. 
Flumes  and  wash  checks. 
Storm  sewers. 
Retaining  walls. 
Riprap  and  revetments. 


Jetties,  cribbing,  and  rock  fills. 

Slope  walls. 

Cattle  passes  and  cattle  guards. 

Slope  drains,  catch  basins,  and  man- 
holes. 

Gutters  when  not  integral  with  road- 
way surface. 

6.  Roadway  surface  and  base: 

All  materials  used  for  subgrade  treat- 
ment, and  for  base  or  roadway  sur- 
face. 

All  materials  used  for  curb  and  gut- 
ters when  integral  with  surface  and 
base. 

Additions  of  bituminous  seal  coats, 
surface  treatments,  mats,  or  retreads 
which  add  %  inch  or  more  in  thick- 
ness in  one  operation. 

7.  Improved  shoulders  and  approach   sur- 
facing : 

Surfacing  of  shoulders,  side  ap- 
proaches, and  turnouts  where  type  of 
material  used  is  superior  to  adjacent 
roadside  and  inferior  to  roadway 
surface. 

8.  Bridges,     viaducts,     grade     separation 
structures,  and  tunnels: 

Structures  over  20-foot  span. 

Excavation  for  above. 

Excavation    for    approach    structures 

(earth  fill  approaches  included  under 

roadway). 
Concrete,    steel,    and    wood    structural 

work. 
Protective  structures  of  riprap. 
Breakwaters,  cribbing,  retaining  walls, 

and  pier  protection. 
Roadway  paving  and   sidewalks   when 

integral  with  structure. 

9.  Traffic  and  pedestrian  service,  and  mis- 
cellaneous facilities: 

Guard  fences. 

Guide  posts. 

Permanent  snow  fences   (structures  or 

plantings). 
Route  and  direction  markers. 
Signs. 

Safety  and  signal  devices. 
Railroad  crossing  signals. 
Highway  lighting. 

Pedestrian  underpasses  and  overheads. 
Sidewalks. 
Permanent  traffic  lane  stripes. 

10.  Roadside  development: 

Initial  seeding,  sodding,  and  planting 
of  shoulders,  back  slopes,  and  road- 
side   for    the    purpose    of    landscape 
and  for  protection  of  earthwork. 
Bridle  paths. 
Roadside  parks. 
Picnic    grounds. 
Shelter  houses. 

Diversion  ditches  for  protection  of 
plantings. 
Costs  of  adjustment  of  utility  and  other 
property,  and  detour  expense  during  con- 
struction, where  these  items  are  carried 
separately  in  the  contract  pay  items  or 
where  the  work  is  done  by  day  labor,  may 
be  classified  separately  if  the  State  so  de- 
sires, or  they  may  be  allocated  to  whichever 
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of  the  construction  cost  classifications  they 
are  applicable. 

Reporting  total  construction  costs  of  a 
completed  project  or  addition  and  better- 
ment job  by  these  construction  classifica- 
tions will  necessarily  require  a  recapitula- 
tion of  the  items  in  each  contract.  This 
can  be  most  satisfactorily  accomplished  by 
requiring  that  preliminary  estimates,  con- 
tractor's estimates,  final  vouchers,  etc., 
show  the  groupings  of  the  individual  items 
into  major  classifications. 

Maintenance  Cost  Accounts 

The  following  maintenance  cost  accounts, 
recommended  by  the  Subcommittee  on  Uni- 
form Accounting,  are  in  operation  in  the 
majority  of  the  State  highway  departments: 

1.  Routine  roadway  surface  operations : 

Patching  holes  and  rough  spots. 
Patching  ruts  and  blow-ups. 
Repair  of  raveled  edges. 
Sanding  bleeding  spots. 
Spot  sealing. 
Temporary  traffic  ways. 
Dragging. 
Blading. 
Reshaping. 
Scarifying. 
Cleaning  and  raking. 
Picking  up  oversize  rock. 
Filling  and  trimming  expansion  joints 
and  cracks. 

2.  Special  roadway  surface  operations : 

Application  of  dust  palliatives  when 
done  annually  or  when  the  applica- 
tion does  not  result  in  a  permanent 
improvement. 

Replacement  of  sand,  sand-gravel, 
gravel,  crushed  stone,  etc.,  on  the 
same   or   a   similar  type   of   surface. 

Reprocessing  or  reconditioning  bitumi- 
nous surfaces  or  shoulders  when 
little  or  no  new  materials  are  added. 

Bituminous  surface  treatment. 

Seal  coating,  when  applied  later  than 
the  following  construction  season. 

Light  road-mixing  operations. 

Major  patching  by  special  crews. 

Mud-jacking. 

Protection  and  handling  of  traffic  dur- 
ing above  operations. 

Addition  of  mats  or  retreads  less  than 
%-inch  thickness. 
■'>.     Shoulders  and  side  approaches : 

Patching. 

Dragging. 

Blading. 

Filling  ruts. 

Replacing  washouts. 

Reseeding  or  resodding,  including 
original  seeding  on  old  work. 

Ribbon  bituminous  treatment  (without 
excavation). 

Second  or  subsequent  bituminous  treat- 
ment. 

Replacement  of  gravel   or  stone. 
h.     Roadside  and  drainage: 

Repairing  cuts,  fills,  slopes,  and  wash- 
outs. 

Removal  of  minor  slides. 


Cleaning  or  retrenching  drains,  chan- 
nels,   and    culverts. 

Maintaining  drainage  structures  (20 
feet  or  less) . 

Removal  and  burning  of  weeds. 

Removal  of  debris. 

Planting  or  removal  and  trimming  of 
trees. 

Brush  removal. 

Planting  or  removal  of  shrubs. 

Seeding  and  sodding  to  prevent  erosion. 

Care  and  replacement  of  special  road- 
side development  projects. 

Repair  and  maintenance  of  sidewalks, 
dikes,  riprap,  retaining  walls,  pump- 
ing stations,  slope  pavement,  right- 
of-way  fences, 
o.      Traffic  services: 

Repair,  repainting,  and  resetting  of 
direction  markers,  route  markers, 
signals,  and  gates,  and  the  other 
safety  devices. 

Magnetic  dragging  to  remove  iron. 

Traffic  lane  and  guide  line  painting. 

Repair  and  repainting  of  guard  rails. 

Highway   lighting. 

Electricity  for  the  operation  of  signals. 

Operation  of  comfort  stations  and  pic- 
nic grounds. 

Detours  not  chargeable  to  construction 
or  other  maintenance  operations. 

6.  Snow,  ice,  and  sand  control: 

Erection  and  removal  of  snow  fence. 
Removal  of  snow  and  ice. 
Sanding  icy   surfaces. 
Snow  and   ice  removal  to  open  water- 
ways. 
Removal  of  sand  drifts. 

7.  Structures      (more     than     20     feet     in 
length)  : 

Repair,  maintenance,  and  operation  of: 

Bridges. 

Tunnels. 

Subways. 

Overhead  grade  separations. 

Other  structures. 
Operating  expense  of  ferries. 

8.  Extraordinary  maintenance : 

Special  repairs  and  maintenance  due  to 
flood,  storm,  fire,  major  landslides  or 
other  catastrophe  on : 

Roadway  surface. 

Roadbed. 

Shoulders. 

Roadside. 

Drainage  facilities. 

Safety  devices. 

Structures. 
Handling  and  protecting  traffic  during 
emergency. 

9.  Maintenance  general  expense:1 

Prorata  of  district  office  and/or  head- 
quarters office  expense  chargeable  to 
maintenance. 

Field  maintenance  supervision. 

Purchase  and  repair  of  small  tools. 

Rental  charges  on  inactive  equipment. 

Maintenance  costs  should  be  further  brok- 
en down  into  objects  of  expenditure.     The 


B  Suspense    account,     prorated    to    other    cost     items 
during  or  at  the  end  of  the  accounting  period. 


following  objects  of  expenditure  are  sug- 
gested by  the  Subcommittee  on  Uniform  Ac- 
counting: (1)  Materials,  supplies,  and  serv- 
ices; (2)  salaries  and  wages;  and  (3) 
equipment  operation.  A  further  breakdown 
of  these  objects  will  depend  on  the  require- 
ments or  desires  of  each  State  highway 
department. 

Problems  Encountered 

The  establishment  of  control  sections  and 
the  adoption  of  uniform  cost  accounting 
procedures  have  posed  many  problems  in 
the  States.  There  are  no  standard  guides 
to  follow  in  solving  these  problems;  thus 
far  they  have  been  handled  individually  in 
each  State.  However,  so  that  the  cost  in- 
formation from  States  that  have  adopted 
uniform  accounting  and  cost  keeping  pro- 
cedures will  be  on  a  uniform  basis,  study 
should  be  given  to  the  solution  of  these 
problems,  and  recommendations  prepared 
for  consideration  and  adoption.  Some  of 
the  problems  that  have  been  encountered 
are  detailed  in  the  following  paragraphs. 

Equipment  rental  rates. — It  is  essential 
that  the  States  which  adopt  control  sections 
and  uniform  accounting  have  equipment 
rental  rates  so  that  proper  charges  can  be 
made  to  the  control  sections  on  which  work 
by  State  forces  is  performed.  In  some 
States  rates  are  already  established  and  in 
operation  while  in  others  it  is  necessary 
that  they  be  computed.  These  rental  rates 
usually  include  depreciation,  repairs,  fuel, 
oil,  storage,  shop  overhead,  and  insurance. 
The  application  of  the  rates  varies  from 
State  to  State.  Some  include  the  travel 
time  of  the  equipment  to  and  from  the  job, 
while  others  charge  only  the  actual  time 
the  equipment  is  in  operation  at  the  job  site. 

Travel  time. — When  labor  is  paid  for  time 
to  and  from  the  job  and  travel  time  during 
the  day  between  jobs,  the  problem  arises 
as  to  the  proper  procedure  for  charging  out 
this  travel  time.  Whether  the  charges 
should  be  made  on  a  daily  basis  to  control 
sections  on  which  work  was  performed  or 
held  in  suspense  and  distributed  on  a 
monthly  basis  must  be  determined.  If  the 
charges  are  made  directly  to  control  sec- 
tions, those  which  are  the  greater  distance 
from  the  garage  or  district  office  are  pe- 
nalized by  excessive  travel  time. 

Sign  and  marker  costs. — Some  State  high- 
way departments  manufacture  their  own 
road  signs  and  markers.  Costs  are  kept 
in  a  suspense  account  and  distributed  on 
the  basis  of  the  number  of  signs  and 
markers  used  in  each  control  section.  In 
other  States  the  costs  of  the  signs  and 
markers  are  determined  by  the  previous 
year's  costs  and  the  overruns  or  underruns 
(over  or  under  a  specified  percentage)  are 
corrected  at  the  end  of  the  year. 

Labor,  equipment,  and  materials  charges. 
— The  reliability  of  the  distribution  of  main- 
tenance cost  data  in  large  measure  depends 
upon  the  accuracy  with  which  labor,  equip- 
ment, and  materials  are  charged  by  the 
foremen   or  timekeepers  to  individual   sec- 
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tions  of  road.  Constant  check-ups  accom- 
panied by  simplification  of  burdensome  or 
complicated  cost  keeping  procedures  should 
be  incorporated  as  part  of  the  administra- 
tive control  exercised  over  maintenance 
operations. 

Federal-aid   Route  Renumbering 

In  connection  with  the  establishment  of 
control  sections  in  recent  years  it  has  been 
the  practice  of  most  States  to  avail  them- 
selves of  the  opportunity  to  renumber  the 
Federal-aid  routes  and  redesignate  the 
Federal-aid  projects.  When  adapting  the 
Federal-aid  procedures  to  a  control  section 
set-up  in  a  particular  State,  it  is  desirable 
that  such  changes  as  are  necessary  be  ac- 
complished with  the  minimum  number  of 
adjustments.  The  expansion  of  the  Fed- 
eral-aid systems  in  the  past  has  been  ac- 
complished by  chronologically  numbering 
routes  as  they  were  added,  with  the  result 
that  there  is  no  logical  pattern  of  number- 
ing. 

To  overcome  this  deficiency,  many  of  the 
States  have  employed  a  numbering  proce- 
dure which  gives  the  approximate  geograph- 
ical location  of  a  route  within  a  State.  In 
this  procedure,  continuous  routes  within  or 
across  the  State  are  selected  in  accordance 
with  present-day  traffic  patterns.  They  are 
then  numbered  from  south  to  north  and 
from  west  to  east;  with  sufficient  numbers 
being  skipped  to  provide  for  expansions,  as 
routes  are  added  or  modified,  without  losing 
the  initial  advantage  of  the  geographical 
arrangement. 

Route  numbers  1  to  9  are  usually  re- 
served for  the  interstate  system,  10  to  99 
for  the  Federal-aid  primary  system,  and 
100  to  9,999  for  the  Fedei-al-aid  secondary 
system.  This  system  of  numbering,  where 
the  number  of  digits  identifies  the  road 
system,  will  not  be  adequate  for  those 
States  where  the  Federal-aid  primary  sys- 
tem routes  are  in  excess  of  99. 

Federal-aid  Project   Redesignation 

The  Federal-aid  highway  system  in  the 
majority  of  States  is  composed  of  numerous 
short  Federal-aid  projects  for  which  the 
project  number  does  not  indicate  system  or 
route  identification.  When  redesignating 
the  Federal-aid  projects,  the  old  Federal- 
aid  projects  are  handled  as  complete  units 
in  order  to  preserve  the  integrity  of  the 
Federal-aid  records  that  have  accumulated 
during  the  past  30  years.  To  accomplish 
this  objective,  the  Federal-aid  system  is 
divided  into  new  Federal-aid  route  sections, 
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Figure  6.- — Route  sections  and  control  sections  on  a  portion  of  Maine  Federal-aid  route  1. 


varying  in  length  up  to  100  miles,  which 
embrace  one  or  more  complete  old  Federal- 
aid  projects.  Federal-aid  route  sections 
are  numbered  from  west  to  east  for  routes 
originating  in  the  west  and  from  south  to 
north  for  routes  originating  in  the  south. 
Projects  are  numbered  with  the  digits  pre- 
ceding the  dash  representing  the  route 
number  and  the  digit  following  the  dash 
representing  the  route  section  number.  For 
example,  the  first  improvement  on  route  1, 
route  section  1  would  be  designated  as 
1-1(1)  in  which  the  number  within  paren- 
theses represents  the  project  agreement 
number. 

For  the  Federal-aid  secondary  system, 
the  routes  are  not  divided  into  sections  and 
the  entire  route  becomes  the  project.  For 
example,  the  first  improvement  on  route 
100  would  be  100(1)    in  which  the  number 


within  parentheses  represents  the  project 
agreement  number. 

Figure  6  shows  a  section  of  Federal-aid 
route  1  in  Maine  that  has  been  renumbered 
to  conform  with  the  new  numbering  pro- 
cedure, divided  into  route  sections  (new 
Federal-aid  projects)  which  contain  a  num- 
ber of  old  Federal-aid  projects  in  their  en- 
tirety, and  broken  down  into  control  sections 
for   record  keeping  purposes. 

Federal-aid  route  1  is  not  to  be  confused 
with  U  S  or  State  route  1.  Federal-aid 
route  numbering  and  U  S  or  State  route 
numbering  are  not  necessarily  colinear. 
For  example,  in  figure  6,  the  portion  of 
Federal-aid  route  1  south  of  Brunswick  is 
U  S  1.  from  Brunswick  to  Winslow  is  U  S 
201,  from  Winslow  to  Newport  is  State 
routes  11  and  100,  and  from  Newport  to 
Bangor  is  U  S  2. 
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Design  Problems  in  the  Use  of  Local 


Aggregates  for  Bituminous  Surfaces 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  J.  T.  PAULS,  Principal  Highway  Engineer 
and  HARRY  M.  REX,  Senior  Highway  Engineer 


Local  aggregates  often  hat>e  to  be  used  in  constructing  hot-mix  bituminous 
road  surfaces,  sometimes  in  areas  of  severe  or  unusual  climate.  If  the  aggregates 
are  substandard  in  quality  or  gradation,  special  design  problems  are  involved 
which  must  be  given  careful  attention.  This  article  describes  several  studies 
of    this    nature. 

Three  poiitls  of  timely  interest  relating  to  design  are  emphasized  in  these 
studies.  First,  the  effectiveness  of  chemical  additives  in  preventing  water  dam- 
age to  hot  asphalt  mixtures  has  not  been  clearly  established.  Second,  while 
crushing  of  rounded  or  weathered  aggregates  may  increase  resistance  of  the 
mixture  to  displacement  in  a  dry  condition,  it  may  at  the  same  time  reduce  the 
mixture's  resistance  to  water  action.  Third,  the  behavior  of  mixtures  containing 
both   clay  and  limestone  is  unpredictable   when   subjected   to   water   action. 


BITUMINOUS  road  surfaces  of  the  hot- 
mix  type  must  often  be  constructed  in 
areas  where  the  use  of  local  aggregates 
is  imperative.  In  many  cases,  these  local 
aggregates  fail  to  meet  recognized  stand- 
ards with  respect  either  to  quality  or  to 
gradation.  Their  successful  use  in  bitu- 
minous mixtures,  therefore,  requires  the 
solution  of  special  design  problems.  These 
problems  may  be  complicated  when  bitu- 
minous surfaces  are  to  be  built  in  regions 
where  severe  or  unusual  climatic  conditions 
prevail. 

It  is  the  purpose  of  this  report  to  de- 
scribe briefly  several  examples  of  design 
studies  of  this  nature.  These  examples 
illustrate  some  of  the  special  considerations 
that  must  be  taken  into  account  when  the 
contemplated  construction  involves  the  use 
of  local  aggregates  having  unusual  proper- 
ties, or  when  the  bituminous  roadway  will 
be  subjected  to  severe  weather  conditions. 
It  is  believed  that  a  discussion  of  these 
studies  will  be  of  general  interest  to  those 
who  may  encounter   similar   problems. 

The  data  presented  in  this  paper  were 
abstracted  from  unpublished  reports  of  lab- 
oratory studies  of  bituminous  mixtures  in 
which  the  use  of  local  aggregates  was  an 
important  factor.  Each  study  was  selected 
for  inclusion  by  reason  of  some  distin- 
guishing feature  requiring  special  consid- 
eration in  design.     Each  also  represents  an 


1  Paper  presented  at  the  1949  annual  meeting  of  the 
Association    of    Asphalt    Paving    Technologists. 


area  of  differing  climatic  condition — south- 
ern Alaska,  northern  Alaska,  and  one  of 
the  Gulf  States. 

The  first  Alaska  study  was  featured  by 
the  hydrophilic  properties  of  most  of  the 
aggregates  and  the  importance  of  this  prop- 
erty in  a  region  of  heavy  rainfall.  Features 
of  the  second  Alaska  study  were  the  un- 
stable character  of  the  natural  aggregate 
and  the  severe  weather  conditions.  The 
principal  feature  of  the  Gulf  State  study 
was  the  necessity  to  choose  between  using 
local  aggregate  in  a  relatively  low  cost  sand- 
asphalt  surface  and  using  imported  aggre- 
gate in  a  more  expensive  bituminous  con- 
crete. 

Observations  of  Interest 

The  test  results  obtained  in  these  studies 
either  developed  or  emphasized  three  points 
relating  to  design  that  are  of  timely  inter- 
est. First,  the  effectiveness  of  chemicals 
added  to  asphalt  in  preventing  water  dam- 
age to  hot  mixtures  has  not  been  clearly 
established.  Second,  although  crushing  of 
round  and  weathered  particles  of  aggregate 
increases  resistance  of  the  mixture  to  dis- 
placement in  a  dry  condition,  it  may  have 
the  effect  of  reducing  the  resistance  of  the 
mixture  to  water  action,  due  to  changes  in 
surface  characteristics  of  the  particles 
other  than  angularity.  Third,  the  behavior 
of  mixtures  containing  both  clay  and  lime- 
stone, when  subjected  to  water  action,  is 
unpredictable.     The  behavior  appears  to  be 


somewhat  dependent  on  the  kinds   of  clay 
and  limestone  involved. 

In  abridging  the  studies  for  inclusion 
in  this  report,  it  was  thought  desirable  to 
present  only  those  phases  of  design  that  as- 
sumed importance  owing  to  singularities  of 
the  local  conditions.  For  this  reason  the 
studies  as  presented  should  not  be  consid- 
ered as  being  patterns  of  general  design 
procedure.  It  is  believed,  however,  that  the 
information  developed  will  be  found  of 
value  in  dealing  with  similar  problems  en- 
countered in  designing  bituminous  mixtures 
around  the  use  of  other  local  aggregates. 

Study  1.— SOUTHERN  ALASKA 

In  this  study,  investigating  local  aggre- 
gates from  a  number  of  sources  in  southern 
Alaska,  it  was  desired  to  obtain  information 
relating  to  the  use  of  these  aggregates  in 
bituminous  mixtures,  with  particular  ref- 
erence to  resistance  to  the  action  of  water. 
In  case  mixtures  containing  these  aggre- 
gates were  found  to  be  unsatisfactory  in 
this  respect,  it  was  desired  to  determine 
whether  improvement  could  be  made  by 
using  asphalt  treated  with  a  chemical  ad- 
ditive. This  aspect  of  design  was  of  es- 
sential importance  because  of  the  extremely 
wet  climate  of  the  region,  the  annual  rain- 
fall being  about  90  inches. 

Although  aggregates  from  13  sources 
were  included  in  the  study,  information  on 
only  one  will  be  described  here,  in  the  in- 
terest of  brevity.  The  methods  used  in 
testing  this  particular  aggregate  will  serve 
as  an  example  of  the  general  procedures 
used  with  all  the  materials  in  the  study. 
Several  special  mixtures  containing  this  ag- 
gregate were  prepared,  and  the  results  of 
the  tests  on  these  mixtures  are  of  particular 
interest. 

Petrographic  analysis  showed  this  ma- 
terial to  consist  of  rounded  and  subangular 
schist,  granite,  gneiss,  quartz,  and  grano- 
diorite.  Its  apparent  specific  gravity  was 
2.74.  Prior  to  preparing  bituminous  mix- 
tures,   the   aggregate  was   separated   on   a 


186 


August  1951  •  PUBLIC  ROADS 


Table  1. — Gradation  of  aggregate,  study  1 


Passing  sieve  size- 


l>£-inch 
1-ineh  . 
%  -inch  .  . 
'/2-inch .  . 
3g-ineh    . 
No.  4 
No.  10.. 
No.  40.  . 
No.  80. 
No.  200.. 


Material  as 

Material  as 

received 

used 

Percent 

Percent 

80 

72 

66 

100 

58 

88 

54 

80 

42 

64 

31 

46 

8 

12 

1.4 

2 

.4 

1 

%-inch  sieve  and  the  oversize  material  re- 
jected. The  gradings  of  the  sample  as  re- 
ceived in  the  laboratory  and  of  the  material 
as  used  in  the  mixtures  are  shown  in  table  1. 
Three  groups  of  mixtures  were  then  pre- 
pared, using  85-100  penetration  asphalt. 
The  first  group  contained  untreated  as- 
phalt. The  others  contained  asphalt  treated 
with  a  chemical  additive  in  the  proportion 
of  1  and  2  percent  by  weight  of  the  asphalt. 
In  all  these  mixtures  4.5  parts  of  bitumen 
to  100  parts  of  aggregate,  by  weight,  were 
used.  Cylindrical  specimens  4  inches  in 
diameter  and  4  inches  high  were  molded 
from  each  mixture,  and  immersion-compres- 
sion tests  made.  The  procedure  used  in 
preparing  the  mixtures  and  testing  the 
specimens  was  that  described  in  Public 
Roads  in  1948  2.  The  test  results  are  shown 
in  table  2   (mixtures  1—3). 

Results  of  Tests 

The  results  of  tests  on  the  three  groups 
of  mixtures  showed  compressive  strengths 
for  the  dry  specimens  that,  while  not  high, 
would  be  considered  adequate.  Tests  on 
the  specimens  after  immersion  showed  that 
the  mixture  containing  untreated  asphalt 
had  been  damaged  considerably  in  the  soak- 
ing process.  Although  the  stability-reten- 
tion values  of  the  mixtures  ■  containing 
treated  asphalt  were  higher  than  those  con- 
taining untreated  asphalt,  the  results 
showed  that  the  additive  in  either  propor- 
tion used  was  not  highly  effective  in  pre- 
venting damage  by  water  action.  It  there- 
fore seemed  desirable  to  determine  whether 
or   not    resistance   to   the   action   of   water 


-  Further  developments  and  application  of  the 
immersion-compression  test,  by  J.  T.  Pauls  and  J.  F. 
Goode.    Public  Roads,    vol.  25,  No.   6,  December  1948. 


could    be    improved    by    means    other    than 
treating  the  asphalt. 

Former  work  had  indicated  that  the  sta- 
bility-retention of  mixtures  may  often  be 
improved  by  incorporating  a  hydrophobic 
filler.  Accordingly,  another  mixture  was 
prepared  using  untreated  asphalt.  In  the 
prior  untreated-asphalt  mixture  the  only 
filler  had  been  the  1  percent  of  natural  dust. 
In  the  second  mixture  (No.  4  in  table  2) 
limestone  dust  was  added  to  the  aggregate 
in  an  amount  sufficient  to  produce  a  com- 
bined aggregate  having  6  percent  passing 
the  No.  200  sieve.  This  increase  in  filler 
permitted  the  use  of  5  percent  asphalt.  In 
preparing  the  mixture  for  the  last  specimen 
of  the  usual  set  of  six,  0.5  percent  hydrated 
lime  was  added  to  the  batch  after  the  as- 
phalt had  been  added.  Immersion-compres- 
sion tests  were  then  made  on  these  speci- 
mens, with  the  results  also  shown  in  table  2 
(mixtures  4  and  4A). 

Comparing  the  results  of  the  limestone- 
dust  mixture  (No.  4)  with  those  of  the 
corresponding  mixture  (No.  1)  containing 
the  small  amount  of  natural  dust,  the  im- 
provement due  to  the  addition  of  the  lime- 
stone dust  was  striking,  with  respect  both 
to  the  compressive  strength  of  the  dry 
specimens  and  to  the  retained  strength  after 
immersion.  Also,  although  the  test  value 
obtained  on  only  one  specimen  cannot  be 
considered  as  more  than  indicative,  the 
considerably  higher  compressive  strength 
after  immersion  of  the  single  specimen  con- 
taining lime  hydrate,  as  compared  with  the 
average  of  two  corresponding  specimens 
that  did  not  contain  this  material,  sug- 
gested that  mixtures  containing  this  ag- 
gregate would  be  substantially  improved  by 


incorporating  hydrated  lime  in  the  propor- 
tion used  in  the  test  mixture. 

Conclusions   Drawn 

The  test  results  led  to  the  following  con- 
clusions as  they  apply  to  the  one  aggregate 
discussed  here : 

1.  Tests  on  the  dry  mixtures  showed 
compressive  strengths  that  would  be  con- 
sidered adequate  for  the  expected  traffic. 

2.  Immersion-compression  tests  showed 
that  mixtures  containing  this  aggregate 
would  require  some  kind  of  special  treat- 
ment if  they  were  to  be  used  successfully 
under  unfavorable  moisture  conditions. 

3.  The  one  additive  used  in  these  tests 
was  not  highly  effective  in  preventing  dam- 
age due  to  water  action.  Some  additives 
appear  to  be  more  effective  than  others  when 
used  with  certain  aggregates,  and  it  is 
possible  that  additives  other  than  the  one 
used  in  these  tests  might  be  more  satis- 
factory with  this  aggregate.  Also,  it  has 
not  been  clearly  determined  whether  or  not 
the  effect  of  chemical  additives  is  changed 
by  the  elevated  temperatures  required  in 
preparing  hot  mixtures.  It  may  be  that 
these  temperatures  alter  the  properties  of 
the  additive  and  so  reduce  its  effectiveness. 

4.  Resistance  to  the  action  of  water  of 
bituminous  mixtures  containing  this  aggre- 
gate could  be  improved  by  adding  limestone 
dust  as  a  filler.     The  addition  of  small  pro- 

xportions    of   hydrated    lime    might    also    be 
very  effective. 

Study  2.— NORTHERN  ALASKA 

This  study  concerned  the  design  of  a  bitu- 
minous mixture  for  pavement  construction 
in  northern  Alaska,  in  a  region  having  much 
more  severe  weather  conditions  than  the 
area  involved  in  the  Alaska  job  in  study  1. 
The  air  temperature  exceeds  32°  F.  for  a 
very  short  period  in  summer  only,  and  sel- 
dom exceeds  60°  F.  The  entire  area  was 
overlaid  to  a  considerable  depth  with  coarse 
sand  and  fine  gravel.  At  all  times  other 
than  during  the  short  summer  season,  this 
material  was  icebound,  and  surface  sta- 
bility was  not  a  problem.  During  the  brief 
warm  period,  however,  the  sand  and  fine 
gravel  were  loose  and  unstable  to  such  a 
depth  as  to  require  some  form  of  surface 
stabilization. 


Table  2. — Results  of  immersion-coin pression  tests,  study  1 


Mixture  No. 

Parts  bitumen 

to  100  parts 

aggregate,  by 

weight 

Parts  additive 

to  100  parts 

asphalt,  by 

weight 

Characteristics  of  specimens,  as  molded  ' 

Characteristics  of  specimens  after  4  days  immersion  at  120e  F.1 

Specific  gravity 

Air  voids 

Compressive 
strength,  77"  F. 

Absorption 

Volume  increase 

Compressive 
strength,  77°  F. 

Retained 
strength J 

Percent 

57 

67 

71 

83 

•  100 

1 
2 
3 
4  3 

4  A 

4.5 
4.5 
4.5 
5.0 
5.0 

0 
1 
2 
0 
0 

2.21 
2.22 
2.22 
2.30 
'2.31 

Percent 

13.7 
13.3 
13.3 

9.4 

9,  1 

Lb./sq.  in. 

165 
180 
174 
238 

Percent 

5 . 2 
5.5 
5.7 
'  2.4 
2.2 

Percent 

1.7 

1.7 

1.7 

<  1  .7 

1.2 

Lb.   sq.  in. 

91 

120 

124 
<  197 
»238 

Except  as  noted,  values  are  the  average  for  three  specimens.  .■      n    u„   «.j    „„„\vinn 

'■  Retained  strength  =  (compressive  strength  of  immersed  specimens  H-  compressive  strength  of  dry  specimens)  X  100. 
:  Mixture  contained  5  percent  added  limestone  dust. 

'  sVm^s  mfxtur^^^ptfhTtTs  percent  hydrated  lime  was  added  following  addition  of  the  bitumen.     Only  one  specimen  was  molded,  due  to  insufficient  material. 
'  Pased  on  compressive  strength  of  mixture  4  as  molded. 
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Table  3. — Gradation  of  aggregate,  study  2 


Passing  sieve  size — 

'  Original 
material 

Material  after 
crushing  and 
recombining 

j^-inch 

Percent 

100 

87 

38 

30 

9 

7 

5 

4 

1.2 
.8 
.6 

Percent 

100 

98 

68 

56 

20 

14 

11 
7 

3.  1 
2.6 
1.6 

No.  4     .  .  . 

No.  8 

No.  10.  .  . 

No.  20 

No.  30 

No.  40 

No.  50 

No.  80.  . 
No.  100    .  . 
No.  200 

The  aggregate  consisted  of  predominately 
subangular  fragments  of  dark,  fine-grained 
volcanic  rock,  rhyolite  and  andesite,  quartz 
and  some  quartzite.  Its  apparent  specific 
gravity  was  2.65,  and  absorption  0.9  per- 
cent. Stripping  tests  were  made  on  the 
%-inch  to  No.  4  sieve  fraction  of  the  aggre- 
gate, using  both  the  Nicholson  and  static 
immersion  methods.  Two  grades  of  asphalt 
were  used :  85-100  penetration,  and  200-300 
penetration.  Results  of  both  test  methods 
with  both  grades  of  asphalt  showed  100- 
percent  retention  of  bituminous  coating. 
The  gradation  of  the  natural  aggregate  is 
shown  in  the  second  column  of  table  3. 

In  order  to  determine  its  compactibility, 
vibratory  compaction  tests  of  the  aggregate 
were  made.  To  investigate  the  possibility 
of  improving  density  by  altering  the  grada- 
tion, three  samples  were  prepared  for  test. 
One  sample  consisted  of  the  natural  aggre- 
gate. In  the  second  sample  the  percentage 
of  material  passing  the  No.  10  sieve  was 
increased  to  40  percent  by  sieving  and  re- 
combining.  In  the  third  sample,  only  ma- 
terial passing  the  No.  10  sieve  was  used. 
The  vibratory  density  test  results  of  the 
three  materials  showed  air  voids  of  26.6 
percent  in  the  material  of  unaltered  grada- 
tion, 25.4  percent  in  the  material  containing 
40  percent  passing  No.  10  sieve,  and  25.4 
percent  in  the  material  all  passing  No.  10 
sieve. 

Trial  Mixtures 

A  limited  number  of  trial  mixtures  of 
asphalt  and  aggregate  were  then  prepared. 
The  objectives  of  the  preliminary  work 
were,  first,  the  selection  of  an  appropriate 
grade  and  proportion  of  asphalt,  and  second, 
some  indication  of  the  stability  to  be  ex- 
pected from  mixtures  containing  the  natu- 
ral aggregate  and  from  mixtures  containing 
aggregate  altered  by  manipulating  the 
gradation  or  by  other  means. 

In  consideration  of  the  severe  moisture 
and  temperature  conditions  at  the  job  site, 
the  use  of  a  penetration  grade  asphalt 
seemed  desirable.  Moreover,  since  the  natu- 
ral aggregate  was  lacking  in  mechanical 
stability  due  to  smoothness  and  roundness 
of  the  particles,  it  was  decided  to  include 
in  the  trial  mixtures  a  40-50  penetration 
asphalt  as  well  as  an  85-100  asphalt.  Four 
aggregate  combinations  were  used  in  the 
trial  mixtures:    (1)   the  natural  aggregate, 


(2)  aggregate  prepared  from  the  native 
material  by  sieving  and  recombining  so  that 
40  percent  passed  the  No.  10  sieve,  (3) 
aggregate  prepared  from  the  native  ma- 
terial by  sieving  so  that  50  percent  passed 
the  No.  10  sieve,  and  (4)  aggregate  pre- 
pared by  crushing  the  62  percent  naturally 
retained  on  the  No.  8  sieve  and  recombining 
the  product  of  the  crusher  with  38  percent 
originally  passing  the  No.  8  sieve.  Crush- 
ing the  larger  size  fractions,  of  course,  re- 
sulted in  marked  alteration  of  particle 
shape.  The  change  in  gradation  is  shown 
in  the  third  column  of  table  3. 

Cylindrical  test  specimens,  4  inches  in 
diameter  and  4  inches  high,  were  molded 
from  the  trial  mixtures  and  tested  in  com- 
pression at  two  temperatures:  60°  F.  and 
77°  F.  The  former  temperature  was  se- 
lected by  reason  of  its  being  the  normal 
maximum  air  temperature  at  the  job  site, 
and  the  latter  was  used  in  order  to  cor- 
relate the  test  values  in  this  study  with 
those  obtained  in  other  work. 

To  conserve  material,  the  85-100  penetra- 
tion asphalt  specimens,  after  having  been 
tested  at  77°  F.,  were  reheated  and  remolded 
for  testing  at  60°  F.  The  specimens  con- 
taining 40-50  penetration  asphalt  were  first 
tested  at  60°  F..  then  reheated,  remolded, 
and  tested  at  77°  F.  Although  the  strength 
of  recompressed  specimens  is  usually  higher 
than  that  of  original  ones,  sufficiently  clear 


indications  of  the  effect  of  the  variables  in 
the  preliminary  work  were  shown  in  the 
test  results,  which  are  given  in  table  4. 

The  results  of  these  preliminary  tests 
led  to  the  following  observations: 

1.  Specimens  containing  85-100  pene- 
tration asphalt  and  the  natural  aggregate 
produced  compressive  strengths  at  either 
test  temperature  that  would  be  considered 
inadequate  for  the  purpose  intended. 

2.  Use  of  40-50  penetration  asphalt  with 
natural  aggregate  produced  considerably 
higher  stability  than  was  obtained  with  85- 
100  asphalt. 

3.  Alteration  of  aggregate  gradation  by 
separation  and  recombination  failed  to  pro- 
vide sufficient  stability. 

4.  Alteration  of  aggregate  gradation  and 
particle  shape  by  crushing  resulted  in  pro- 
nounced  improvement  in   stability. 

Final  Mixture  Types 

Based  on  the  results  of  the  preliminary 
tests  three  types  of  mixtures  were  prepared. 
One  was  composed  of  the  natural  aggregate 
and  5  percent  asphalt;  the  second  was  com- 
posed of  aggregate  altered  by  crushing  and 
recombining,  and  5  percent  asphalt;  and 
the  third  was  composed  of  the  crushed  and 
recombined  aggregate  and  6  percent  asphalt. 
The  grade  of  asphalt  used  in  these  mix- 
tures was  40-50  penetration.     Prior  to  mix- 


Table  4. — Results  of  tests  on  preliminary  specimens,  study  2 


Composition  of  specimen 


Group  1:  with  88  penetration  asphalt  and — 
Natural  aggregate 

Do 

Do 
Altered  aggregate,  40  percent  passing  No.  10  sieve 
Altered  aggregate,  50  percent  passing  No.   10  sieve.  .  . 

Group  2:  with  47  penetration  asphalt  and — 
Natural  aggregate. 
Do 
I),, 
A  ltercd  aggregate,  with  62  percent  crushed  aggregate 


Proportion 
of  asphalt 


Percent 


Compressive  strength- 


at  60°  F. 


126 

126 
120 
138 
137 


205 
236 

249 
302 


at  77'  F. 


P.s.i. 


32 
76 
36 
4S 
43 


71 
86 
86 
117 


1  In  group  1,  the  tests  at  77°  F.  were  made  first,  and  the  specimens  were  then  reheated  and  remolded  for  testing  at  60° 
F.     In  group  2,  the  tests  at  60°  F.  were  made  first,  and  the  specimens  were  then  reheated  and  remolded  for  testing  at  77°  F 


Table  S. — Final  tests  on  specimens  containing  local  aggregate 
and  40-50  penetration  asphalt,  study  2 


('imposition  of  specimens 

After  7  davs  immer- 
sion at  77'  F. 

After  7  cycles  of  freez- 
ing and  thawing 

Compressive  strength 
at— 

Retained 
stability  ' 

Absorp- 
tion 

Swell 

Absorp- 
tion 

Swell 

60°  F. 

77'  F. 

Natural  aggregate,  with 

5  percent  asphalt 

Aggregate  altered  by  crushing, 
with  5  percent  asphalt 

Aggregate  altered  by  crushing, 
with  6  percent  asphalt 

Percent 

!    '■:■ 

j   """ 
*    \  , 

Percent 

') 
1.3 

0 

i'-'l 

0 

Percent 

Percent 

P.S.I. 

191 
230 

P.s.i. 

91 

8S 

82 

122 

98 

101 

15S 

121 

129 

Perce  it 

91 

87 

SO 
83 

78 
83 

4.9 

3.  1 

6.4 
6.0 

.2 

.1 

295 

1  Retained  stability  =  (compressive  strength  of  specimens  after  conditioning  at  77°  F.  -r  compressive  strength  of  dry 
specimens  at  77"  F.)   X   100. 

2  No  immersion. 
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ing,  the  aggregate  was  heated  to  320  F. 
and  the  asphalt  to  300°  F.  Mixing  was 
done  in  a  kitchen-type  mixer.  The  tempera- 
ture of  the  mixtures  at  molding  was  225° 
F.  The  molding  load  was  3,000  pounds  per 
square  inch,  held  for  2  minutes.  Eight 
specimens  of  each  mixture  were  prepared. 
Of  these,  four  were  tested  in  compression  at 
60°  F.  and  77°  F.  without  treatment  other 
than  overnight  storage  at  laboratory  tem- 
perature. The  other  four  specimens  were 
placed  in  a  vacuum  bath  to  accelerate  satu- 
ration of  the  specimens  by  water.  The 
specimens  were  covered  with  water  and 
vacuum  applied  for  20  minutes,  the  degree 
of  vacuum  used  being  27  inches  of  mercury. 
Following  this  operation,  two  of  the  speci- 
mens were  placed  in  a  water  bath  at  77°  F. 
for  7  days.  The  other  two  specimens  were 
subjected  to  seven  freezing  and  thawing 
cycles,  each  cycle  consisting  of  4  hours  ex- 
posure to  a  temperature  of  —10°  F.  and  20 
hours  immersion  in  water  at  77°  F.  These 
specimens  were  also  tested  for  compressive 
strength  at  77°  F.  Prior  to  testing,  meas- 
urements were  made  of  the  volume  change 
and  absorption  of  the  specimens  that  had 
been  subjected  to  immersion  and  to  freezing 
and  thawing.  Results  of  the  principal 
series  of  tests  are  shown  in  table  5,  and 
led  to  the  following  observations: 

Comparing  the  compressive  strengths  of 
the  two  groups  of  dry  specimens  containing 
5  percent  asphalt,  it  is  seen  that  the  use 
of  crushed  aggregate  resulted  in  substantial 
increases  in  stability  at  both  test  tempera- 
tures. 

Immersion  in  water  at  77°  F.  produced 
little  stability  reduction  in  the  natural  ag- 
gregate specimens.  The  somewhat  lower 
stability  retention  noted  in  corresponding 
specimens  containing  crushed  aggregate 
might  be  explained  either  by  the  higher 
percentage  of  water  absorption  or  by  the 
possibility  that  the  bitumen  coatings  on 
freshly  crushed  particles  may  be  more 
susceptible  to  water  action  than  those  on 
the  surface  of  weathered  particles  of  the 
same  aggregate.  Incidentally,  since  this 
study  was  made,  the  use  of  the  vacuum  bath 
has  been  dropped  from  the  immersion- 
compression  test  procedure  because  it  pro- 
duced high  water  absorption  in  mixtures 
that  otherwise  were  resistant  to  water  per- 
meation. 

Alternate  freezing  and  thawing  resulted 
in  little  loss  of  stability  in  the  natural  ag- 
gregate mixture,  and  the  crushed  aggregate 
mixture  showed  slightly  lower  retention  of 
strength.  The  stability  losses  due  to  im- 
mersion and  to  freezing  and  thawing  were 
essentially  the  same  for  both  crushed  ag- 
gregate mixtures. 

Recommendations   Made 

These  observations  led  to  the  following 
recommendations  for  designing  a  bitumi- 
nous mixture  for  the  particular  conditions 
of  the  job: 

1.  The  aggregate  should  be  altered  by 
crushing  the  portion  retained  on  the  No.  8 


sieve,  and  recombining  the  crushed  material 
with  the  portion  passing  the  No.  8  sieve. 

2.  A  hot  mixture  should  be  used. 

3.  The  asphalt  used  should  be  one  of 
the  lower  penetration  grades,  such  as  40-50 
penetration. 

4.  The  optimum  percentage  of  asphalt 
for  density  and  workability  will  probably 
fall  within  a  range  of  5.5  to  6.5  parts  of 
asphalt  to  100  parts  of  aggregate  by  weight. 
In  consideration  of  prevailing  temperature 
and  moisture  conditions  the  use  of  a  rich 
mixture  within  these  limits,  consistent  with 
workability,  would  be  desirable. 

Study   3.— A   GULF  STATE 

This  study  for  the  design  of  a  bituminous 
surfacing  for  a  section  of  park  roadway 
in  one  of  the  Gulf  States,  is  presented  by 
way  of  contrast  to  the  other  two  studies, 
where  special  considerations  were  required 
because  of  a  short  working  season,  low 
temperatures,  high  rainfall,  and  the  neces- 
sity to  use  the  aggregate  found  at  hand. 
All  the  conditions  were  different  •  in  the 
parkway  design  problem.  The  climate  is 
mild,  the  working  season  long,  rainfall  is 
moderate,  and  a  choice  was  possible  between 
local  aggregates  and  commercially  produced 
aggregates.  The  problem  was  to  determine 
whether  or  not  a  satisfactory  sand-asphalt 
surface  course  could  be  made,  using  sand 
from  pits  near  the  roadway.  If  this  were 
not  possible,  it  was  required  to  design  a 
bituminous  concrete  mixture  containing- 
sand   and   crushed   gravel   from  one  of  two 


commercial  sources.  The  sand-asphalt  type 
would,  of  course,  be  much  less  expensive. 

The  sand-asphalt  study  was  limited'  to 
the  use  of  85-100  penetration  asphalt  and 
emulsified  asphalt  of  the  mixing  type.  Use 
of  85-100  penetration  asphalt  only  was 
desired  in  the  design  of  the  bituminous  con- 
crete  mixtures. 

Sieve  analysis,  specific  gravity  and  ab- 
sorption determinations,  and  petrographic 
analysis  were  made  on  all  the  aggregates. 
Results  of  these  tests  are  given  in  tables 
6  and  7.  Results  of  tests  to  determine  the 
clay  content  and  plastic  properties  of  the 
three  pit  sands,  S-4,  S-5,  S-6,  are  shown  in 
table  8.  It  was  apparent  from  visual  ex- 
amination that  the  sands  from  the  com- 
mercial sources  were  free  from  clay. 

Two  of  the  local  sands,  S-4  and  S-5,  were 
from  different  parts  of  the  same  pit,  and 
in  order  to  determine  the  advantage  of 
blending  them,  vibratory  density  tests  were 
made  on  several  combinations  with  the  re- 
sults shown  in  table  9. 

Sand-Asphalt   Mixtures 

Sand-asphalt  mixtures  were  prepared  for 
Hubbard-Field  stability  and  immersion- 
compression  tests.  Since  the  vibratory 
tests  failed  to  show  any  advantage  in  blend- 
ing sands  S-4  and  S-5,  only  the  one  that 
showed  the  higher  density,  S-5,  was  in- 
cluded in  these  mixtures.  The  test  charac- 
teristics of  the  two  bituminous  materials 
used   follow. 


Table  6. — Results  of  petrographic  analysis  and  specific  gravity 
ami  absorption  determinations,  study  3 


Kind  of  material 

Field 
sample  No. 

Apparent 
specific 
gravity 

Absorption 

Petrographic  analysis 

Commercial  sand 

Do 

Pit  sand 

Do 

S-l 
S-3 

S-4 
S-5 

S-6 
G-l 
G-2 
G-5 

G-6 

2.66 
2.66 

2.66 
2.65 

2.66 
2.61 
2.63 
2.62 

2.63 

Percent 

0.7 
.3 

1.4 
1.6 

2.7 
3.2 
3.7 
2.5 

2.7 

Quartz  and  chert. 

Angular  and  subangular  fragments  of  quartz 

with  some  chert  and  sandstone. 
Angular  fragments  of  quartz. 
Angular    fragments    of    quartz,    with    some 

feldspar. 
Do. 
Chert  with  some  quartz. 
Chert  with  some  quartz  and  sandstone. 
Angular  and  subangular  fragments  of  chert 

with  some  quartz. 
Angular  and  subangular  fragments  of  chert 

and  quartz. 

Do 

Commercial  gravel  . 

Do 

Do 

Do 

Table  7. — Gradation  of  aggregate,  study  3 


Commercial 
sand 

Pit  sand 

' , 

Percentage  of    material 
passing  sieve  size — 

S-l 

S-3 

S-4 

S-5 

S-S 

G-l 

G-2 

G   5 

G-6 

1^-inch 

100 

100 

1-inch           

91 

96 

%  -inch 

82 

10P 

83 

i^-inch 

55 

93 

44 

5^-inch 

100 

100 

37 

94 

2 1 

100 

No.  4.  . 

93 

96 

9 

31 

1 

24 

No.  10                 .... 

96 

87 

100 

100 

4 

1 

No.  20 

90 

75 

98 

10" 

98 

No.  30 

81 

64 

94 

98 

93 

No.  40 

62 

46 

83 

91 

73 

No.  50. 

31 

22 

60 

6°, 

45 

No.  80 

7 

5 

18 

28 

18 

No.  iro 

3 

11 

23 

15 

No.  200 

1 

1 

6 

14 

12 
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Table  8. — Clay  content  and  plastic  properties  of  pit  sands,  study  3 


Sample  No. 

Hydrometer  analysis  of  material  passing  No.  10  sieve 

Physical  constants  of  material 
passing  No.  40  sieve 

Sand 

Silt 

Clay 

Liquid  limit 

Plasticity  index 

S-4 
S-5 

S-6 

Percent 

92 
86 
86 

Permit 

1 
3 
4 

Percent 

7 
11 
10 

NP' 
NP 

17 

NP 
NP 
NP 

1  NP  =  not  plastir. 

Table  9. — Results  of  vibratory  density  tests 
on  blends  of  local  sands,  study  3 


Composition  of  blind 

Solids  after 
vibration 

Sand  S-4 

Sand  S-5 

Percent 

100 
80 
60 
40 
20 
0 

Percent 

0 
20 
10 

60 
80 
100 

Percent 

66.7 
67.  1 
67.8 
68.4 
69.4 
69.3 

Emulsified  asphalt: 

Specific  gravity,  11" /IT  F 1.013 

Viscosity,  Saybolt  Furol,  77°  F 126 

Demulsibility,  50  ml.  0.1  N.  CaCX 

soluble,   percent 0 

Sieve  test,  percent  retained 0 

Settlement  test,  percent  (creaming) 

difference — 0.8 

Stone  coating  test Pass 

Mixing  test,  percent Broken  1.0 

Dehydration  test,  loss,  percent 80.5 

Miscibility    test Pass 

Distillation   test,   residue,   percent..  62 
Test  on  residue: 

Penetration,  77°  F.,  100  gm,  5  sec.  186 

Ductility,  77°  F.,  cm 72 

Total   bitumen    (soluble   in    CS>), 

percent 98.02 


Organic  matter  insoluble,  percent.  1.08 
Inorganic   matter   insoluble,   per- 
cent    0.90 

Ash  by  ignition,  percent 1.12 

Specific  gravity,  77°/77°   F 1.018 

8-5-100  penetration   asphalt: 

Specific  gravity,  77 °/77°  F 1.027 

Flash  point,  °  F 520 

Softening  point,  °  F 115.2 

Penetration,  77°  F.,  100  gm.,  5  sec. .  .  93 

Ductility  77°  F.,  5  cm./min.,  cm 180 

Loss,  163°  C.,'5  hours,  percent 0.12 

Penetration    of    residue 85 

Total  bitumen    (CS,) 99.99 

Organic  matter  insoluble,  percent. . .  0.01 

Oliensis  test Negative 

In  the  hot  mixtures,  two  proportions  of 
asphalt  were  used  with  each  of  the  sands 
S-5  and  S-6:  9  and  10  parts  of  aggregate, 
by  weight.  In  the  cold  mixtures  two  pro- 
portions of  emulsified  asphalt  were  used 
with  each  sand:  7  and  9  parts  of  water- 
free  bitumen  to  100  parts  of  air-dry  aggre- 
gate, by  weight.  For  each  sand  and  with 
each  type  and  proportion  of  bituminous  ma- 
terial, two  types  of  aggregate  were  used, 
one  consisting  of  the  sand  alone  and  the 
other  composed  of  a  combination  of  sand 
and  limestone  dust. 

Mixing  was  done  in  a  kitchen-type  mixer. 
For  the  hot  mixtures  the  mixing  tempera- 
tures of  aggregate  and  asphalt  were  325°  F. 


and  300°  F.,  respectively.  For  the  cold  mix- 
tures, each  batch  of  aggregate  was  mois- 
tened with  3  percent  of  water  prior  to 
adding  the  emulsified  asphalt,  to  facilitate 
dispersion  of  the  emulsion. 

Two  types  of  test  specimens  were  molded 
from  each  batch.  Hubbard-Field  test  speci- 
mens were  2  inches  in  diameter  and  1  inch 
in  height.  Specimens  for  the  immersion- 
compression  test  were  2  inches  in  diameter 
and  2  inches  high.  Stability  test  specimens 
were  made  in  sets  of  three,  and  immersion- 
compression  specimens  in  sets  of  six.  Hot 
mixture  specimens  were  molded  immedi- 
ately after  mixing.  Cold  mixtures  were 
cured  in  a  loose  condition  for  18  hours  after 
mixing  in  a  140°  F.  oven.  The  tempera- 
ture of  hot  mixtures  at  the  time  of  molding 
was  260°  F.,  and  that  of  the  cold  mixtures 
was  140°  F.  All  specimens  were  compacted 
under  a  static  load  of  3,000  pounds  per 
square  inch.  They  were  cured  in  the  140° 
F.  oven  for  24  hours  after  molding,  after 
which  period  they  were  allowed  to  cool  to 
room  temperature  for  density  and  volume 
measurement. 

The  Hubbard-Field  specimens  were  tested 
at  a  temperature  of  140°  F.  The  results 
are  given  in  table  10.  For  the  immersion- 
compression  tests  the  immersion  water 
temperature  was  120°  F.,  and  the  test  tem- 
perature was  77°  F.  The  immersion-com- 
pression test  results  of  the  sand-asphalt 
mixtures  are  also  shown  in  table   10. 

In  general,  the  Hubbard-Field  stability 
values  obtained  for  mixtures  containing 
sand  from  either  of  the  two  local  pits,  with 
either  type  of  bituminous  material,  would 
be  considered  satisfactory.  Mixtures  con- 
taining either  of  the  sands  and  the  lower 
proportion  of  emulsified  asphalt  appeared 
dry,  with  many  poorly-coated  particles  or 
agglomerations.  Use  of  the  higher  propor- 
tion of  emulsified  asphalt  resulted  in  im- 
proved appearance,  although  the  mixtures 
still  would  be  considered  to  be  lean. 


Table  10. — Hubbard-Field  stability  tests 

and  immersion-corn pression  tests  on 

sand-asphalt  mixtures,  study  3 

Parts 

Parts 

Hubbard-Field  stability  test 

Immersion-compression  test 

limestone 

bitumen 

Characteristics  of 

Characteristics  of  specimens 

Characteristics  of  specimens  after  4  days 

dust  to 

to  100 

specimens 

as  molded 

Hub- 

as  molded 

immersion  at  120°  F. 

100  parts 

parts 
aggregate, 

sand,  by 

Field 

weight 

by  weight 

Air  voids 
Percent 

Voids  in 
aggregate 

Percent 

stability 
at  140-~  F. 

Lb. 

Air  voids 
Percent 

Voids  in 
aggregate 

Percent 

Com- 
pressive 
strength 

Lb.   sq.  in. 

Ab- 
sorption 

Percent 

Swell 
Percent 

Com- 
pressi/* 
strength 

Lb.  fsq.  in. 

Retained 
strength 

Percent 

(               (I 

9 

18.5 

34.2 

850 

19.3 

31.3 

181 

7.3 

5.7 

52 

29 

Sand  S-5  with   85-100   penetra- 

10 

17.2 

34.2 

870 

17.9 

34.8 

208 

6.6 

5.4 

71 

34 

tion  asphalt 

'               6 

9 

l  i.2 

32.0 

1.260 

16.9 

32.6 

272 

7.  5 

8.1 

58 

21 

10 

14.2 

31.8 

1.310 

14.8 

32.2 

288 

6.3 

7.1 

85 

30 

{              ° 

t               0 

7 

21.4 

33.5 

1.340 

21.3 

33 .  5 

152 

7.0 

10.9 

13 

9 

Sand  S-5  with  emulsion  asphalt 

9 

17.5 

33.2 

1,470 

17.1 

3  J.  9 

204 

5.1 

6.8 

29 

14 

)               6 
'                6 

7 

20  9 

33.1 

1,340 

21    1 

32.7 

169 

(') 

(') 

(') 

0 

9 

16.1 

32.0 

1.620 

15.7 

31.3 

239 

7.-, 

9.5 

11 

6 

Sand  S-6  with  85    100  penetra- 

)               0 

9 

18.7 

31.1 

1.170 

19.1 

31.6 

233 

7.4 

5.2 

69 

30 

tion  asphalt 

10 

17.8 

31.7 

1,150 

17.3 

34   3 

253 

6.0 

4.9 

102 

40 

1                6 

9 

17.4 

33.0 

1.3)0 

16.4 

32.3 

297 

7.9 

8.9 

61 

22 

'                6 

in 

15.5 

33.0 

1.300 

11.7 

3  2.3 

313 

6.9 

8.1 

91 

29 

)                0 

7 

20.6 

33.0 

1.200 

20.8 

33 . 1 

156 

9.6 

6.0 

15 

10 

Sand  S-6  with  emulsion  asphalt 

9 

16.5 

32.4 

1.320 

n.5 

3  2.5 

199 

6.6 

3.9 

32 

16 

)                6 
1.               6 

7 

18.9 

31.4 

1,300 

18.8 

31    i 

192 

-  14.1 

-  11.9 

=  8 

24 

9 

14.2 

30.6 

1.490 

14.3 

31.7 

249 

8.1 

6.2 

21 

8 

1  These  specimens  cracked  and  failed  after  3  hours  immersion. 

2  These  specimens  cracked  during  the  immersion  period. 
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Observations  Made 

The  immersion-compression  tests  indi- 
cated that  sand-asphalt  mixtures  containing 
sand  from  either  pit  would  be  unsatisfactory 
in  resistance  to  loss  of  stability  due  to  the 
action  of  water.  From  the  test  data,  the 
following  observations  are  of  interest: 

1.  Mixtures  containing  either  of  the 
sands  and  the  penetration  grade  asphalt 
showed  better  resistance  to  water  action 
than  those  containing  the  same  sand  and 
the  emulsion  in  corresponding  proportions 
of  bitumen.  It  is  likely  that  the  lower  re- 
sistance of  the  emulsion  mixtures  was  due 
to  lack  of  complete  and  uniform  coating 
provided  by  the  proportions  used. 

2.  With  one  exception,  dry  specimens  of 
mixtures  containing  either  of  the  sands 
and  the  penetration-grade  asphalt  had 
higher  compressive  strengths  than  those 
containing  the  same  sand  and  the  emulsion 
in   corresponding  proportions   of  bitumen. 

3.  With  either  sand,  mixtures  contain- 
ing limestone  dust  showed  greater  stability 
loss  due  to  immersion  than  corresponding 
plain  sand  mixtures.  No  explanation  for 
this  is  clear  at  this  time,  although  similar 
phenomena  were  observed  in  early  work 
in  developing  the  immersion-compression 
test.  It  may  be  that  certain  types  of  lime- 
stone are  more  reactive  than  others  when 
combined  with   certain   types   of  clay. 

4.  The  percentage  of  air  voids  was  high, 
even  in  the  mixtures  containing  limestone 
dust  and  the  higher  proportion  of  each 
bituminous  material.  The  advantage  to  be 
gained  by  reducing  the  air  voids  by  addi- 
tional amounts  of  asphalt  and  filler  with 
these  particular  sands  is  extremely  doubtful, 
in  view  of  the  very  low  values  for  retained 
strength  obtained  for  all  the  mixtures  in 
the    immersion-compression    test. 

Bituminous  Concrete  Mixtures 

The  design  of  the  alternate  bituminous 
concrete  mixtures  presented  no  special  diffi- 
culty. The  results  of  Los  Angeles  abrasion 
tests  made  on  the  coarser  gravels  from 
the   commercial   sources    (using   A.A.S.H.O. 


designation  grading  A)  showed  abrasion 
loss  of  15.1  percent  for  sample  G-1  and  18.0 
percent  for  sample  G-5. 

Static  immersion  tests  made  on  the  %- 
inch  to  No.  4  fraction  of  the  gravels  gave 
the  results  shown  in  table  11. 

From  density  tests  made  on  molded  speci- 
mens of  a  series  of  trial  mixtures,  the  opti- 
mum proportions  of  coarse  and  fine  aggre- 
gates were  determined.  From  these  trial 
mixtures  a  range  of  bitumen  contents  was 
also  determined.  Final  mixtures  were  then 
prepared,  and  immersion-compression  tests 
made,  using  the  procedure  followed  in  study 
1.  The  results  are  shown  in  table  12.  In 
this  table,  mixtures  1  and  2  are  the  wearing 
course  and  leveling  course  mixtures,  respec- 
tively, containing  sand  and  gravel  from 
source  A.  Mixtures  3  and  4  are  correspond- 
ing mixtures  containing  aggregates  from 
source  B.  Although  the  compressive 
strengths  of  dry  specimens  containing  ag- 
gregate from  source  A  were  higher  than 
those  of  the  specimens  containing-  aggregate 


Table  11. — Static  immersion  test  of 
gravels,  study  3 


Sample 

Area   remaining   coated   after  24 
hours  immersion  in  water  at  — 

100°  F. 

120°  F. 

140°  F. 

G-1 

G-5 

Percent 

95 
90 

Percent 

85 
80 

Percent 

80 
50 

from  source  B,  the  results  in  both  cases  in- 
dicated sufficient  stability  for  park  roads  on 
which  traffic  is  not  expected  to  be  heavy. 
The  immersion  tests  indicated  satisfactory 
resistance  to  water  action  for  all  four 
mixtures. 

As  the  result  of  this  study,  it  was  con- 
cluded that  the  use  of  sand-asphalt  would 
not  be  recommended  for  this  project,  and 
that  the  use  of  the  more  expensive  bitumi- 
nous concrete   would  be   justified. 


Table  12. — Composition  of  bituminous  concrete  mixtures  and 
results  of  immersion-compression  tests,  study  3 


Coarse  aggregate,  sample  No  

Coarse  aggregate,  percent  by  weight 

Fine  aggregate,  sample  No.  . 
Fine  aggregate,  percent  by  weight 

Limestone  dust  added,  percent  by  weight 

Gradation  of  composite  aggregate,  percentage  passing 

1-inch  sieve 

34  -inch  sieve  

J^-inch  sieve 

%-inch  sieve 

No.  4  sieve  

No.  10  sieve 

No.  20  sieve 

No.  30  sieve  

No.  40  sieve 

No.  50  sieve 

No.  80  sieve      

No.  100  sieve 

No.  200  sieve 
Parts  asphalt  to  100  parts  aggregate,  by  weight 
Characteristics  of  specimens  as  molded: 

Air  voids,  percent 

Voids  in  mineral  aggregate,  percent 

Compressive  strength,  lb.  per  sq.  in    

Characteristics  of  specimens  after  4  days  immersion: 

Absorption,  percent 

Volume  change  (swell),  percent 

Compressive  strength,  lb.  per  sq.  in 

Retained  strength,  percent 


Mixture 
1 


G-1 
56 

S-l 

38 

6 

100 

93 
77 
66 
48 
42 
40 
37 
30 
18 

9 

8 

7 

6.0 

8.7 
21.0 
184 

2.2 
.4 
178 
9T 


Mixture 
2 


G-2 

65 

S-l 

29 

6 


100 
99 
96 
55 
36 
32 
29 
24 
15 

8 

7 

6 

6.0 

10.2 
22.2 
181 

2.3 
.4 
176 
97 


Mixture 
3 


G-5 

49 
S-3 

45 
6 

100 
94 
74 
62 
50 
45 
40 
35 
27 
16 


6 
5.3 


19. 

151 

2. 

0 

159 

Km 


Mixture 
4 


G-6 
55 

S-3 

39 

6 


100 
57 
41 
3') 
31 
24 
15 


8.1 
19.5 
155 

1.7 

0 
164 
100 
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Title  Pages  for  Volumes  24  and  25 


In  years  past  the  Bureau  of  Public  Roads 
has  issued  an  alphabetically  arranged  index 
for  each  volume  of  Public  Roads,  the  last 
being  that  for  volume  23  (March  1942-June 
1944).  The  indexing  was  discontinued  at 
that  time  for  lack  of  personnel,  and  has  not 
been  resumed. 

Searching  through  the  long  series  of 
alphabetically  arranged  volume  indexes  is 
always  time  consuming  and  often  unsatis- 
factory. It  has  therefore  been  decided  to 
discontinue  permanently  the  indexing  of 
individual  volumes.  Instead,  a  far  more 
useful  reference  work  will  be  published,  in 


the  form  of  a  cumulative  index  covering 
all  articles  in  Public  Roads  volumes  1-26. 
This  will  probably  include  a  chronological 
listing  of  articles,  an  alphabetical  list  of 
authors,  and  a  classification  of  articles  ac- 
cording to  subject  matter. 

The  cumulative  index  will  probably  be 
published  some  time  in  1952,  after  the  issu- 
ance of  the  last  issue  number  of  volume  26. 
Readers  are  requested  to  please  withhold 
orders  for  the  cumulative  index  until  after 
announcement  of  its  actual  publication. 
Neither  the  Bureau  or  the  Superintendent 
of  Documents  can  handle  advance  orders. 


Because  there  are  many  who  regularly 
bind  each  volume  of  Public  Roads,  we  will 
continue  to  print  a  title  page  for  each  vol- 
ume, in  which  will  appear  a  list  of  the 
articles  and  their  authors.  The  title  pages 
for  volumes  24  and  25  are  being  mailed  to 
all  subscribers  of  Public  Roads. 

The  title  pages  will  also  serve  as  useful 
interim  supplements  to  the  cumulative  index. 
While  no  definite  plans  have  as  yet  been 
made,  it  is  probable  that  supplemental 
cumulative  indexes  will  be  published  periodi- 
cally in  the  future,  perhaps  at  intervals  of 
5  or  6  vears. 
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A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according  to 
subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  Bureau  of  Public  Roads. 
Washington   25,   D.    C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment   is   required. 


ANNUAL  REPORTS 

(Sec  also  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads : 
1937,  10  cents.     1938,  10  cents.     1939,  10  cents. 

Work  of  the  Public  Roads  Administration : 

1940,  10  cents.         1942,  10  cents.         1948,  20  cents. 

1941,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947,  20  cents. 

Annual   Report.   Bureau  of  Public  Roads,   1950.     25   cents. 
HOUSE   DOCUMENT   NO.   462 

Part  1  .  .  .  Nonuniformity  of  State  Motor- Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .  .  .  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .  .  .  Inadequacy  of  State  Motor- Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .  .  .  Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .  .  .  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .  .  .  The    Accident-Prone    Driver.     10  cents. 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor-Vehicle  Administration,  Registra- 
tion, Certificate  of  Title,  and  Antitheft  Act.  10 
cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License  Act.     10  cents. 

Act    III. — Uniform  Motor- Vehicle  Civil  Liability  Act.  10  cents. 

Act  IV. — Uniform  Motor- Vehicle  Safety  Responsibility  Act. 
10  cents. 

Act  V. — Uniform  Act  Regulating  Traffic  on  Highways.  20 
cents. 

Model   Traffic   Ordinance.     15  cents. 

MISCELLANEOUS   PUBLICATIONS 

Biblioguaphy  of  Highway  Planning  Reports.     30  cents. 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40 
cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation.     30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 

U.S.    GOVERNMENT    PRINTING    OFFICE:     1951—91133-2 


Guides  to   Traffic   Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location   (No.  1486D).     15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 

249).     50  cents. 
Highway  Practice  in  the  United  States  of  America.     50  cents. 
Highway  Statistics,  1945.     35  cents. 
Highway  Statistics,  1946.     50  cents. 
Highway  Statistics,  1947.     45  cents. 
Highway  Statistics,  1948.     65  cents. 
Highway  Statistics,  1949.     55  cents. 
Highway  Statistics,  Summary  to  1945.     40  cents. 
Highways  of  History.     25  cents. 
Identification  of  Rock  Types.     10  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 
Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 
Local   Rural  Road  Problem.     20  cents. 

Manual  on   Uniform  Traffic   Control  Devices  for  Streets  and 

Highways.     75  cents. 
Mathematical    Theory    of    Vibration    in    Suspension    Bridges. 

S1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips  and  Other  Landing  Areas  for  Aircraft.     $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 
Roadside  Improvement  (No.  191MP).     10  cents. 
Selected   Bibliography   on   Highway   Finance.     55   cents. 
Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks  (FP-41).     $1.50. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.     $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent    of    Documents. 

ANNUAL   REPORTS 

(See  also  adjacent  column) 

Public  Roads  Administration  Annual  Reports: 
1943.  1944.  1945. 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography    on    Highway    Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skirl  and  Right  Equipment. 


STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  JUNE  30,  1951 
(Thousand  Dollars) 
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Appraisal  of  Soil  and  Terrain  Conditions 

for  part  of  the  Natchez  Trace  Parkway 


Reported  by  PRESTON  C.  SMITH  > 
Supervising  Highway  Physical 
Research  Engineer 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Drainage  and  engineering  soil  maps  are  valuable  aids  in  the  selection  of 
highway  locations  between  fixed  termini.  They  are  also  helpful  in  the  location 
and  design  of  drainage  structures,  and  provide  useful  information  on  soils  and 
other  construction  materials  and  on  terrain  conditions,  needed  by  the  engineer 
in  the  planning  of  highivay  design  and  construction. 

Lacking  accurate  published  maps,  aerial  photographs  provide  an  excellent 
base  for  the  preparation  of  the  drainage  and  soil  maps.  The  proper  interpretation 
of  landform,  airphoto  color  tone,  drainage  characteristics,  and  other  physical 
features  of  the  aerial  photographs,  when  studied  stereoscopically,  reveals  a  great 
deal  about  the  soil  and  terrain  conditions  of  the  area,  particularly  when  correlated 
tvith  field  investigations  and  study  of  available  information  on  the  geology  and 
soils  of  the  area. 

The  study  reported  in  this  article,  of  a  section  of  the  Natchez  Trace  Parkway, 
was  undertaken  by  the  Bureau  both  to  provide  information  on  soil  and  terrain 
conditions  of  the  particular  area,  and  also  to  investigate  the  technique  of  air- 
photo interpretation  and  to  develop  a  symbol  system  for  the  designation  of 
geologic    material,    terrain    conditions,    and    engineering    characteristics    of    soils. 


Introduction 

NORMALLY,  in  highway  location,  either 
cultural  interests  or  some  outstanding 
topographic  features  indicate  where  a  high- 
way must  be  located  at  specific  points  in 
the  region  to  be  traversed.  Considerable 
latitude  may  be  permitted  in  location  of 
the  highway  between  those  points.  Stand- 
ards of  design,  esthetics,  and  economy  must 
be  considered.  Several  routes  may  satisfy 
the  design  and  esthetic  requirements  be- 
tween any  two  control  points,  but  one  route 
will  be  more  economical  than  the  others. 
Drainage  and  engineering  soil  maps  pre- 
pared from  aerial  photographs  and  other 
sources  of  information  can  be  used  as  aids 
in  the  selection  of  that  route.  The  prepa- 
ration of  strip  soil  maps  for  use  in  deter- 
mination of  the  most  feasible  location  of  a 
proposed  highway  is  not  new.  In  1925, 
Rose  -'  described  how  such  maps  could  be 
prepared  from  soil  maps  published  by  the 
Bureau  of  Soils,  United  States  Department 
of   Agriculture. 

After  the  location  of  the  highway  has 
been  established,  the  materials  engineer 
must  obtain  information  on  soils  and  other 
construction  materials,  and  on  terrain  con- 
ditions.    The   engineering  soil  map   should 


!This  report  is  a  condensation  of  a  thesis  presented 
to  Cornell  University  in  June  1950  in  partial  fulfillment 
of  the  requirements  for  the  degree  of  Master  of  Civil 
Engineering.  Captain  Smith  is  at  presen'i  on  military 
leave,  assigned  to  the  Corps  of  Engineers,  Fort  Bel- 
voir,  Va.  ,        .      „ 

'■'Field  methods  used  in  subgrade  surveys,  by  A.  U. 
Rose.    Public  Roads,  vol.  6,  No.  5,  July  1925. 
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serve  as  a  guide  to  determine  where  field 
investigations  should  be  concentrated.  The 
collected  information  will  be  used  in  design 
and  construction  of  the  road.  The  design 
should  be  based  not  only  on  standardized 
charts  and  formulas  and  the  information 
obtained  in  the  field  investigation  of  this 
particular  area  but  also  on  the  performance 
of  other  roads  in  areas  having  similar  soil 
and  environmental  characteristics. 

Although  aerial  photographs  had  been 
used  in  highway  location  prior  to  1940, 
they  were  not  used  extensively  for  deter- 
mination of  soil  and  terrain  conditions  of 
highway  and  airport  sites  until  the  ad- 
vent of  World  War  II.  During  the  last 
decade  several  organizations,  including  the 
Bureau  of  Public  Roads,  Civil  Aeronautics 
Administration,  Army  Corps  of  Engineers, 
Office  of  Naval  Research,  and  Purdue  Uni- 
versity, have  sponsored  projects  wherein 
airphotos  were  used  in  identification  of 
soils  for  engineering  purposes.  The  Bureau 
of  Public  Roads  has  cooperative  projects 
with  the  State  highway  departments  of 
New  Jersey  and  Maine  for  the  preparation 
of  soil  maps  on  an  area  basis,  using  air- 
photos    insofar    as    applicable. 

In  order  to  determine  further  the  ap- 
plicability of  airphoto  interpretation  of  soil 
and  terrain  conditions  to  highway  location 
and  design,  the  Bureau  undertook  an  engi- 
neering soil  study  of  a  portion  of  the 
Natchez  Trace  Parkway. 


The  Natchez  Trace,  extending  from  Nash- 
ville, Tenn.,  to  Natchez,  Miss.,  was  the  over- 
land return  route,  through  some  460  miles 
of  forest  wilderness  and  Indian  lands,  for 
the  crews  of  flatboats  which  floated  down 
to  New  Orleans  and  were  sold  there  with 
their  cargoes.  Its  period  of  use  extended 
from  1798  until  1817,  when  steamboats  be- 
gan to  dominate  the  Mississippi  River 
traffic. 

Congress  approved  the  construction  of 
the  Natchez  Trace  Parkway,  extending 
along  the  historic  route,  in  1934.  How- 
ever, the  final  location  of  many  sections  of 
the  parkway  has  not  been  made,  even 
though  the  highway  has  been  completed  in 
some  sections  and  construction  is  under  way 
on  others. 

The  Bureau  anticipated  that  with  the  aid 
of  airphotos  a  generalized  engineering  re- 
port and  soil  and  drainage  maps  could  be 
prepared  which  would  (1)  aid  in  estab- 
lishment of  the  final  location  of  the  highway, 
(2)  aid  the  materials  engineers  in  making 
a  detailed  soil  survey  and  locating  construc- 
tion materials  along  the  established  high- 
way location,  and  (3)  either  aid  in  deter- 
mination of  a  highway  design  standard  for 
a  particular  area  or,  where  the  design 
standard  has  already  been  established  for 
the  area,  indicate  where  the  design  might 
need  alteration  because  of  local  soil  or 
terrain    conditions. 

There  were  two  secondary  objectives. 
First,  it  was  desired  to  obtain  information 
concerning  some  of  the  techniques  involved 
in  the  airphoto  interpretation  of  soil  and 
terrain  conditions  and  the  preparation  of 
engineering  soil  strip  maps  and  reports. 
Second,  it  was  desired  to  develop  a  system 
of  symbols  for  designation  of  terrain  con- 
ditions and  engineering  characteristics  of 
soils.  It  was  believed  that  the  trial  area 
should  contain  a  variety  of  soil  and  terrain 
conditions,  and  for  that  reason  the  pro- 
posed 62-mile  section  of  parkway  between 
Gravelly  Springs,  Ala.,  and  U  S  45,  near 
Saltillo,  Miss.,  was  selected  for  study.  In 
that  region  the  final  location  of  the  highway 
had  been  established  only  at  the  termini 
and  at  the  railroad  crossing  at  Cherokee, 
Alabama. 

193 


Figure  1. — Location  map  of  the  Natchez   Trace   Parkway  and   section   2-D. 


While  this  report  discusses  the  principles 
involved  in  preparation  of  drainage  and 
soil  maps  from  aerial  photographs,  detailed 
information  is  confined  to  section  2-D,  one 
of  the  six  parkway  construction  sections 
involved  in  the  basic  investigation.  As 
shown  in  the  inset  in  figure  1,  section  2-D 
extends  from  U  S  72  at  Cherokee  south- 
westward  to  the  Alabama-Mississippi  bound- 
ary line,  a  distance  of  approximately  12 
miles.  The  section  traverses  an  area  which 
has  considerable  variation  in  topograpy  and 
geology. 

Conclusions 

Although  the  accuracy  of  delineation  of 
the  map  unit  boundaries  and  description  of 
some  of  the  engineering  characteristics  of 
the  units  produced  by  this  study  will  not 
be  determined  until  a  more  detailed  field 
investigation  is  made  and  actual  construc- 
tion is  undertaken,  it  is  believed  that  the 
following  general  statements  regarding  the 
use  of  the  maps  prepared  primarily  from 
aerial  photographic  information  are  war- 
ranted : 

1.  Where  there  are  two  or  more  possible 
alternate  routes  for  the  highway,  soil  and 
drainage  maps  will  aid  in  determination  of 
the  best  route. 

2.  The  engineering  soil  map  will  aid  the 


materials  engineer  in  locating  places  at 
which  an  extensive  soil  survey  should  be 
made,  probable  sources  of  borrow,  and  pos- 
sible sources  of  aggregate. 

3.  When  the  engineer  has  limited  knowl- 
edge concerning  construction  materials  in 
a  region,  the  soil  map  and  description  of 
soil  map  units  will  provide  information  use- 
ful in  the  design  of  the  highway  section 
and    pavement. 

4.  The  drainage  map  can  be  used  to  de- 
termine the  locations  of  and  the  areas  to  be 
served  by  highway  drainage  structures. 

5.  The  soil  map  is  generalized  and,  as 
a  consequence,  small,  isolated  areas  of  map 
units  have  not  been  delineated.  A  reason- 
ably precise  boundary  sometimes  cannot  be 
established  in  the  transition  zone  between 
some  map  units,  particularly  when  material 
from  a  higher  unit  is  washed  onto  a  lower 
unit. 

6.  When  the  ground  water  condition  or 
internal  drainage  of  a  unit  is  of  particular 
importance  to  the  highway  engineer,  he 
should  make  a  field  investigation  of  the  con- 
dition. Determination  of  the  normal  in- 
ternal drainage  potential  of  a  unit  is  dif- 
ficult to  determine  from  airphotos,  particu- 
larly when  there  has  been  considerable  rain- 
fall just  prior  to  the  time  the  photographs 
were  taken. 


The  following  conclusions  were  reached 
in  regard  to  techniques  involved  in  analysis 
of  soil  characteristics  and  terrain  conditions 
and  preparation  of  soil  and  drainage  maps : 

1.  The  system  of  symbols  proposed  by 
Lueder  and  used  with  some  modification  in 
this  report  satisfactorily  portrays  the  most 
important  soil  profile  and  environmental 
characteristics  of  the  map  units.  The  sys- 
tem of  symbols  can  readily  be  mastered, 
for  the  symbols  are  suggestive  of  particular 
characteristics  of  map  units. 

2.  By  airphoto  interpretation  alone,  it 
is  sometimes  impossible  to  determine  in 
which  of  two  similar  soil  groups  the  map 
unit  soil  should  be  placed.  For  example, 
differentiation  cannot  usually  be  made  be- 
tween A-2  and  A-3  or  A-6  and  A-7  soils 
without  field  investigation. 

3.  While  it  is  sometimes  necessary  to 
use  more  than  one  soil  group  symbol  to 
indicate  the  variation  in  the  soil  profile, 
the  use  of  the  multiple  numbers  is  an  ex- 
cellent indication  of  extreme  variations  in 
the  soil  strata. 

4.  The  preparation  of  soil  and  drainage 
maps  at  airphoto  scale  by  making  an  air- 
photo overlay,  followed  by  photographic  or 
some  other  method  of  reduction  to  a  de- 
sired scale,  is  preferred  when  a  base  map 
must  also  be  prepared.  When  a  base  map 
is  available,  however,  some  other  method 
of  transfer  of  the  airphoto-delineated  soil 
boundaries  and  drainage  lines  to  the  base 
map  may  be  preferred. 

Drainage  Map 

A  drainage  map  shows  the  location  of 
streams  and  their  drainage  areas,  thus  aid- 
ing the  engineer  in  the  determination  of 
the  proper  location  and  design  for  drainage 
structures.  Drainage  channels  can  readily 
be  discovered  by  stereoscopic  examination 
of  airphotos.  In  special  cases,  the  map 
aids  in  determining  the  extent  and  charac- 
teristics of  soils  or  geologic  materials. 

For  tbe  benefit  of  the  highway  engineer, 
streams  and  soil  boundaries  shown  on  drain- 
age and  soil  maps  should  be  located  with 
respect  to  either  adjacent  cultural  features 
or  established  ground  control  points.  No 
large-scale  maps  suitable  for  these  pur- 
poses have  been  published  which  cover  all 
of  the  area  under  consideration.  A  base 
map  was  therefore  prepared  from  air- 
photos, having  a  scale  of  approximately  3 
inches  to  1  mile,  using  contact  prints  ob- 
tained from  the  Production  and  Marketing 
Administration  of  the  U.  S.  Department  of 
Agriculture.  These  provided  stereoscopic 
coverage  for  a  3-mile  width  of  land  con- 
taining the  preliminary  line  of  the  parkway. 

Normally,  the  successive  airphotos  in  a 
flight  strip  overlap  more  than  50  percent, 
while  adjacent  flight  strins  overlap  about 
20  percent.  In  making  the  overlay,  since 
the  greatest  distortion  (perspective  dis- 
placement) of  features  occurs  at  the  mar- 
gins of  photographs,  only  the  central  por- 
tion of  each  photograph  was  used.  The 
base    map    has    slight    variations    in    scale 
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because  distortion  increases  with  distance 
from  the  center  of  the  airphoto  and  the 
scale  at  the  center  of  one  photograph  may 
not  be  exactly  the  same  as  that  of  another 
photograph.  However,  if  an  average  scale 
is  used  and  measurements  on  the  maps  are 
made  from  the  nearest  cultural  feature, 
points  or  boundaries  on  the  maps  can  be 
located    with    reasonable    accuracy    in    the 


Figure  2. — Drainage  map  of  section  2-D. 

field.  With  a  limited  amount  of  field  work 
and  identification  of  cultural  features  on 
airphotos,  photogrammetric  methods  could 
have  been  used  to  produce  a  more  accurate 
base  map.  However,  it  was  decided  that 
the  greater  expenditure  of  effort  would  not 
be  justified  by  the  limited  additional  benefit 
derived. 

The  preliminary  survey  line  (P-line)  hav- 


ing been  marked  on  the  airphotos,  approxi- 
mately parallel  boundary  lines  for  mapping- 
were  established  by  connecting  arbitrarily 
chosen  points  on  each  side  of,  and  about 
one-half  mile  from  the  P-line.  Although 
the  final  location  of  the  highway  may  vary 
from  the  P-line  in  some  areas,  it  will 
usually  be  contained  within  the  mapped 
strip.     Hereafter,  in  this  report,  when  ref- 
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erence  is  made  to  section  2-D,  the  section 
is  considered  to  extend  across  the  entire 
width  of  the  1-mile  strip,  even  though 
the  section  number  was  originally  assigned 
only  for  the  parkway  width. 

A  sheet  of  transparent  cellulose  acetate 
was  placed  on  an  airphoto  and  a  tracing 
made  of  cultural  features  such  as  roads, 
houses,  and  cemeteries  within  the  1-mile 
strip.  Adjacent  prominent  features  were 
also  traced.  Most  of  the  roads  could  be 
traced  by  use  of  the  base  photograph,  but 
to  locate  some  of  the  buildings  it  was  ne- 
cessary to  use  the  adjacent  photograph  (in 
line  of  flight)  and  view  the  pair  stereoscop- 
ically.  Using  United  States  Geological  Sur- 
vey topographic  maps  insofar  as  possible, 
and  soil  survey  maps  of  the  United  States 
Department  of  Agriculture  or  State  High- 
way Planning  Survey  maps  for  the  re- 
mainder of  the  area,  sufficient  features  on 
the  maps  were  identified  on  the  airphotos 
to  permit  the  location  of  most  of  the  United 
States  public  land  section  lines  on  the  ace- 
tate sheet.  Some  of  the  field  lines  on  the 
airphotos  coincided  with  section  lines,  but 
"bridging"  was  necessary  in  uncultivated 
areas. 

With  the  acetate  sheet  still  secured  to 
the  base  photographs,  the  1-mile  strip  was 
viewed  stereoscopically  (using  pairs  of  pho- 
tographs) and  the  drainage  lines  traced. 
A  solid  or  continuous  line  was  used  for 
a  permanent  stream,  while  a  broken  line 
was  used  for  intermittent  drainage.  The 
distinction  between  permanent  and  inter- 
mittent drainage  was  based  on  drainage 
area,  length  of  stream,  channel  size,  char- 
acter of  soil,  and  geology. 

When  the  tracings  from  individual  pho- 
tographs were  completed  for  the  entire  con- 
struction section,  they  were  assembled  into 
a  strip  map  and  oriented  north-south  and 
east-west  in  conformity  with  the  United 
States  section  lines.  A  finished  map  was 
then  made  from  the  assembled  individual 
tracings.  Figure  2  shows  the  drainage  map 
for   section  2-D. 

On  a  strip  drainage  map,  a  watershed 
can  usually  be  determined  only  for  the 
small  streams,  since  watersheds  for  the 
large  streams  extend  beyond  the  boundary 
of  the  mapped  area.  However,  if  the  de- 
sign engineer  is  interested  in  a  particular 
watershed  which  is  not  completely  shown 
on  the  strip  map,  the  complete  drainage 
system  can  be  studied  stereoscopically  on 
the  airphotos. 

Buzzard  Roost  Creek  (near  the  north  end 
of  section  2-D)  and  downstream  sections 
of  its  major  tributaries  are  on  soluble 
limestone;  hence,  there  is  but  little  surface 
drainage.  However,  dendritic  drainage  pat- 
terns have  developed  near  the  source  of 
the  major  southern  tributaries  of  the  creek 
where  the  soils  have  developed  from  either 
unconsolidated  coastal  plain  material  or 
calcareous  shale. 

Except  for  areas  along  Bear  Creek  (near 
the  south  end  of  the  section)  and  near  the 
mouths  of  its  major  tributaries,  the  dendri- 
tic pattern  is  continued  through  the  south- 


western two-thirds  of  section  2-D.  Sur- 
face drainage  is  not  well  developed  on  al- 
luvial areas.  Also,  only  a  few  tributary 
streams  have  developed  where  bedrock  is 
exposed  in  the  lower  portions  of  valley  walls. 

Engineering  Soil  Map 

Knowledge  of  the  physical  properties  of 
soils  alone  is  not  sufficient  for  the  solution 
of  many  engineering  problems  involving- 
soils.  Hence,  in  order  to  be  of  maximum 
value  to  the  highway  engineer,  a  soil  map 
is  needed  that  not  only  shows  the  character 
of  the  soil  but  also  indicates  its  environ- 
mental characteristics.  Such  information 
can  usually  be  obtained  by  stereoscopic 
study  of  airphotos  and  interpretation  of 
airphoto    patterns. 

A  number  of  authors  3  have  described  the 
significant  factors  involved  in  interpreta- 
tion of  airphoto  patterns  which  reflect  soil 
characteristics  and  terrain  conditions,  and 
the  details  are  therefore  not  presented  here. 
In  accordance  with  the  procedure  usually 
recommended,  the  interpretation  of  air- 
photo patterns  on  the  Natchez  Trace  sec- 
tion started  with  the  fundamental  concept 
that,  when  subjected  to  the  same  climatic 
conditions,  similar  landforms  have  similar 
airphoto  patterns.  The  airphoto  patterns 
were  analyzed  in  order  to  subdivide  the 
landforms  into  units  which  would  be  sig- 
nificant to  the  highway  engineer.  Drain- 
age, erosion,  topography,  airphoto  color 
tone,  vegetation,  and  cultural  features  were 
considered. 

The  landform  of  a  geologic  formation  is 
influenced  by  climatic  and  biotic  factors, 
relief,  time,  and  inherent  properties  of 
the  material.  The  climate  is  relatively  uni- 
form in  the  area  under  investigation;  hence, 
little  difference  in  weathering  of  similar 
materials  having  similar  topography  should 
occur.  The  mean  annual  rainfall  at  Tus- 
cumbia,  Colbert  County,  Ala.,  is  49.4  inches. 
October  is  the  driest  month,  with  an  average 
rainfall  of  2.8  inches,  while  March,  the 
wettest  month,  has  5.8  inches.  The  mean 
annual  temperature  at  Tuscumbia  is  61° 
F.,  and  the  mean  temperature  for  the  cold- 
est month,   January,  is   42°    F. 

Interplay  of  the  other  factors  in  varying 
amounts  on  each  parent  formation  has  re- 
sulted in  various  landforms  within  the 
mapped    area. 

Symbols  Characterize  Map   Units 

The  term  "map  unit"  is  used  to  describe 
an  area  in  which  landform,  parent  material, 
soil  profile,  topography,  and  drainage  are 
relatively    uniform.     Soil    mapping,    then, 
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involves  obtaining  information  concerning 
those  elements  and  delineating  boundaries 
of  areas  in  which  they  are  uniform. 

The  map  symbols  used  should  readily 
convey  the  desired  information  to  the  engi- 
neer. Lueder  4  has  presented  a  system  of 
map-unit  symbols  developed  during  prepa- 
ration of  engineering  soil  maps  of  areas  in 
New  Jersey.  His  basic  system  was  ap- 
plied in  the  Natchez  Trace  mapping,  with 
some  modifications;  the  principal  modifica- 
tion being  the  use  of  a  dash  to  separate 
factors  pertaining  to  landform  and  geologic 
material  from  factors  pertaining  to  soil 
profile  and  topographic  conditions.  A  sym- 
bol was  also  introduced  to  describe  ground 
slope,  which  is  of  value  for  location,  exca- 
vation, and  run-off  determinations.  The 
symbols  used  to  describe  map-unit  char- 
acteristics in  Natchez  Trace  mapping  are 
as  follows: 

Parent  formation : 

S  .  .  .  Sedimentary    (consolidated) 
h  .  .  .   Shale 
1  .   .  .  Limestone 
s  .  .  .   Sandstone 
A  .  .  .  Alluvial 

T  .  .  .  Terrace 
R  .  .  .  Recent 
0  ...  Old 
W  .  .  .  Windblown 
M  .  .  .  Marine    (coastal   plain) 
V  .  .  .  Variation  (in  thickness,  density, 
or   composition    of   strata;    used 
only  on  the  left  side  of  the  dash) . 

Internal  drainage  : 

e  .  .  .  Excellent  (granular  material; 
ground  water  table  at  such  depth 
that   it  is   not   significant) . 

g  .  .  .  Good  (permits  traffic  or  excava- 
tion soon  after  rain;  position  of 
ground  water  table  rarely  signifi- 
cant) . 

i  .  .  .  Imperfect  (trafficability  usually 
poor  and  excavation  impractical  dur- 
ing significant  periods;  has  occasion- 
al high  ground  water  table,  particu- 
larly in  alluvium;  raised  grade  line 
usually  desirable  in  lowlands;  arti- 
ficial drainage  and  placement  of 
either  subbase  or  heavy  base  course 
may  be  required  for  flexible  pave- 
ments in  cut  sections) . 

p  .  .  .  Poor  (ground  water  table  usually 
near  ground  surface;  raised  grade 
line  necessary  in  lowlands;  artifi- 
cial drainage  may  be  required  and 
placement  of  either  subbase  or  heavy 
base  course  is  usually  required  for 
flexible  pavements  in  cut  sections; 
excavation  difficult  during  the  winter 
season  and  for  a  considerable  period 
after  a   rain ) . 

Ground  slope: 

I  .  .  .  Level   (range  in  slope  from  0  to 

3  percent). 
u  .  .  .  Undulating    (usually  between  3 
and  10  percent  but  may  have  some 


SA  system  for  designating  map-units  on  engineering 
soil-maps,  by  D.  R.  Lueder.  Bulletin  No.  28,  Highway 
Research  Board,  1950,  p.  17. 
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R.  I5W. 


R.  I4W. 


Warsaw    I  imestone 
Gasper   formation,  Bethel 


Cgs  sandstone,    Ste.  Genevieve 

limestone 


Hartselle    sandstone 
Bangor    limestone 


Kt       Tuscaloosa   formation 


Figure  3. — Geologic  map  of  area  traversed  by  section  2-D. 


combination  Is  on  the  left  side  of  the  dash 
indicates  alternate  beds  of  limestone  and 
sandstone,  neither  of  which  has  been  sep- 
arated into  an  individual  map  unit.  If 
the  limestone  overlies  the  sandstone,  the 
combination  should  be     l/s. 

The  internal  drainage  symbol  indicates 
the  drainage  potential  of  the  soil  due,  pri- 
marily, to  its  textural  and  structural  prop- 
erties. However,  in  landforms  for  which 
the  ground  water  table  is  a  factor  in  high- 
way location,  design,  or  construction,  the 
symbol  also  reflects  the  approximate  depth 
to  the  water  table  during  prolonged  wet 
periods.  By  reference  to  the  other  symbols 
of  the  map  unit,  it  is  usually  possible  to 
determine  if  a  particular  internal  drain- 
age symbol  denotes  a  drainage  condition 
which  is  due  primarily  to  soil  properties. 
By  use  of  airphotos,  without  field  investi- 
gation, it  is  impossible  to  estimate  the  pre- 
cise depth  to  the  ground  water  table  for 
most  of  the  map  units,  since  an  area  may 
have  been  photographed  after  a  considerable 
dry  period  when  the  water  table  is  low. 

An  important  advantage  of  the  developed 
system  is  that  the  symbols  are  applicable 
to  certain  engineering  factors  which  may 
be  ascertained  from  geologic  reports,  topo- 
graphic maps,  and  agricultural  soil  bul- 
letins. Thus,  published  material  can  be 
used  to  supplement  the  information  obtained 
from  aerial  photographs.  The  type  of  par- 
ent material  and  some  idea  concerning  the 


flatter     or    steeper    slopes;     steeper- 
slopes  are  short), 
s  .  .  .  Steep    (most    of   slopes    steeper 
than  10  percent,  but  may  have  small 
areas   with   flatter    slopes). 

Highway  Research  Board  soil  classifica- 
tion.6 Group  number  is  indicated  by  a 
numeral,  1  to  7.  Only  predominant  groups, 
referring  to  material  within  significant 
depth,  are  shown  in  map  unit  designation. 
Highway  Eesearch  Board  subgroup  num- 
bers, such  as  7-6,  are  not  used.  Combined 
numerals,  such  as  24,  indicate  that  the  soils 
of  the  map  unit  vary,  either  laterally  or 
vertically,  but  are  principally  in  A-2  and 
A-4  groups. 

Horizon:  The  Symbol  C  indicates  significant 
difference  between  B  and  C  horizons  and  is 
placed  on  the  right  side  of  the  dash  since 
it  is  a  soil  profile  symbol. 

When  the  mapping  is  so  generalized  that 
one  symbol  will  not  adequately  describe  a 
particular  characteristic  of  the  map  unit,  a 
combination  of  symbols  may  be  used.  For 
example,  us  on  the  right  side  of  the  dash 
indicates  that  ground  slopes  of  the  map 
unit  vary  from  undulating  to  steep.     The 


Feet 


^Classification  of  highway  subgrade  materials.  Report 
of  Committee  on  Classification  of  Materials  for  Sub- 
grades  and  Granular  Type  Roads,  Proceedings  of  the 
Highway  Research  Board,  vol.  25,  1945,  p.  375. 


Figure  4   (at  right). — Approximate  geologic 
columnar  section  through  highlands  south- 
west  of   Cherokee,    Ala. 
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Tuscaloosa  formation.   Irregularly  bedded  gravels, 
sands  and  clays.  Chert  predominates  in  gravel. 
Same  gravel  is  indurated. 


Bangor  limestone   Argillaceous,  shaly  limestone. 


Hartselle  sandstone.    Thick  bedded,  medium  grained. 


Golconda  formation.    I nterbedded   limestone 
and  marly  shale. 

Cypress   sandstone. 

Gasper  formation.   20-foot  bed  of  oolitic  limestone 
at  top;  10- to  25-foot  bed  of  asphalt ic  oolite  in  base. 
Intermediate  section  is  greenish  blue  marly  shale 
containing  a  20- foot  bed  of  soft,  fossi liferous  sandstone 

Bethel  sandstone. 

Ste.  Genevieve  formation    Thin- bedded,  soft,  calcareous 
shale.   2- foot  bed  of  limestone  at  base. 

Warsaw  limestone.   Light  to  dark  gray,  thick-bedded, 
sometimes  cross -bedded,  coarsely  crystalline, 
highly  fossil  if  erous.   Weathered  sections  contain  chert. 
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Figure  5. — Engineering  soil  map  of  section  2-D. 
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derived  soils  can  be  determined  from  geo- 
logic reports  and  maps.  Ground  slopes 
and  major  drainage  channels  are  shown 
on  topographic  maps.  The  agricultural  soil 
bulletins  give  a  description  of  soil  profile, 
topography,  internal  drainage,  and  gen- 
eralized geology.  Some  of  the  engineering- 
characteristics  indicated  by  other  basic 
sources  of  information  may  be  precisely  de- 
termined by  the  use  of  aerial  photographs. 
The  remainder  of  the  factors  can  be  in- 
ferred by  study  of  airphoto  patterns.  Use 
of  geologic  and  agricultural  reference  ma- 
terial reduces  the  amount  of  field  work 
necessary   to   verify   the   inferences. 

Mapping  Procedure 

The  initial  office  study  consisted  of  two 
parts.  First,  geologic  and  soil  °  reports  con- 
cerning the  area  to  be  traversed  by  the 
Parkway  were  studied.  Second,  a  prelimi- 
nary stereoscopic  study  of  airphotos  for 
the  area  was  made,  including  a  generalized 
correlation  of  airphoto  patterns  with  vari- 
ous parent  materials,  soils,  and  terrain 
conditions  likely  to  be  encountered  in  park- 
way construction.  Road  cuts  and  other  ex- 
posures in  the  vicinity  of  the  proposed  park- 
way wher-e  a  soil  profile  for  a  typical  air- 
photo pattern  or  parent  material  could  be 
observed  were  marked  on  the  airphotos. 

Following  the  office  study,  the  areas 
marked  on  the  airphotos  were  inspected  in 
the  field.  If  the  soil  profile  or  ground  con- 
dition was  that  anticipated  from  airphoto 
study,  or  was  in  conformity  with  that 
exhibited  for  a  similar  airphoto  pattern 
already  investigated  in  another  area,  no 
further  study  of  that  area  was  neces- 
sary. However,  if  a  soil  profile  or 
condition  differed  from  that  anticipated 
from  the  airphoto  pattern,  further  study 
was  undertaken  in  order  to  determine  the 
features  of  the  airphoto  pattern  which 
would  depict  the  soil  profile  and  ground 
condition.  The  field  reconnaissance  re- 
sulted in  correlation  of  airphoto  patterns 
with  profile  and  other  ground  conditions 
to  such  an  extent  that  a  tentative  definition 
of  soil  map  units  for  the  entire  section 
could  be  made. 

Using  a  red  China-marking  pencil,  bound- 
aries of  soil  map  units  were  marked  on 
the  same  photographs  from  which  the  base 
map  was  prepared.  Each  soil  area  was 
indicated  by  a  number  which  corresponded 
to  a  definite  map  unit.  An  area  in  which 
there  was  some  question  about  either  the 
map  unit  or  its  boundaries  was  marked  on 
the  adjacent  photograph,  in  order  that  it 
could  be  given  further  office  or  field  study. 
By  additional  study  of  geologic  and  soil 
reports,  the  map  unit  boundaries  were  es- 
tablished for  some  of  the  questionable  areas. 

Each  of  the  remaining  unmapped  areas 
was  studied  in  the  field.  Soil  profiles  were 
examined  in  road  cuts  where  possible. 
Otherwise,  borings  were  made.  Boundaries 
were  either  marked  on  the  airphotos  at  that 


time  or  sufficient  information  was  obtained 
to  permit  office  delineation. 

Typical  map  unit  locations  were  also 
examined  in  the  field.  For  map  units 
having  appreciable  depth  of  soil,  a  sample 
was  usually  taken  from  each  significant 
soil  stratum  below  the  A-horizon.  Samples 
were  also  taken  to  show  the  variations  in 
physical  properties  of  soils  within  the  map 
unit.  If  borings  or  field  observations 
showed  that  map  unit  boundaries  or  de- 
scriptions were  inaccurate,  corrections  were 
made  on  the  airphotos  in  the  field  or  in 
the   office. 

A  final  definition  of  map  units  was  made 
after  the  soils  had  been  tested  in  the  lab- 
oratory. The  soil  map  was  then  prepared 
as  described  below.  Work  was  done  on 
the  detailed  report  concurrently  with  soil 
testing-  and  map  drafting. 

Geology  of  the  Area 

The  topography  of  the  area  traversed  by 
section  2-D  is  quite  variable.  The  ground 
surface  ranges  from  relatively  narrow 
ridges  with  steep  slopes,  some  elevations 
in  excess  of  700  feet,  and  local  relief  of  as 
much  as  300  feet,  to  low  rounded  hills 
separated  by  relatively  broad  valleys.  Con- 
sequently, a  variety  of  geologic  formations 
of  Mississippian  and  Upper  Cretaceous  age 
are  exposed  in  the  area.7  Figure  3  is  a 
geologic  map  of  section  2-D,  and  a  columnar 
section  through  the  formations  is  shown  in 
figure   4. 

Preparation  of  Soil  Map 

After  field  investigation  and  laboratory 
testing  of  soils  verified  that  the  airphoto- 
delineated  map  units  were  correct,  a  soil 
map  was  prepared.  A  tracing  was  made  of 
cultural  features  and  principal  streams 
from  the  drainage  map  already  completed. 
Locations  of  borings  from  which  soil  samples 
were  taken  were  also  shown  on  the  tracing. 
The  marked  airphotos  were  then  properly 
positioned  beneath  the  tracing  and  the  soil 
map  unit  boundaries  traced.  The  com- 
pleted map  for  section  2-D  is  shown  in 
figure  5. 

On  the  soil  map  a  number  and  a  conven- 
tional map  pattern  are  used  to  identify 
e«ch  delineated  map  unit.  The  numbers 
have  no  inherent  significance.  They  merely 
serve  as  a  quick  means  for  identifying  the 
map  patterns,  as  will  be  seen  from  the  soil 
legend  in  figure  5. 

The  scale  of  the  map  depends  upon  the 
use  to  be  made  of  it  and  the  complexity 
of  the  mapped  ai'ea.  If  map  units  are 
large  and  only  a  few  units  are  encountered, 
relatively  small-scale  maps — even  less  than 
an  inch  equals  1  mile  or  smaller — may  suf- 
fice. Maps  having  a  scale  of  at  least  2 
inches  to  1  mile  are  usually  preferred  by 


So  I  survey,  Colbert  County,  Alabama.  U.  S.  De- 
partment of  Agriculture,  Bureau  of  Chemistry  and 
Soils,  Series  1933,  Number  22,  issued  February  1939. 
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'Information  concerning:  geology  of  the  area  tra- 
versed by  Section  2-D  was  obtained  from  Geology  of 
Alabama,  by  G.  I.  Adams,  C.  Butts,  L.  W.  Stephenson 
and  W.  Cook.  Special  Report  No.  14,  Geological  Sur- 
vey of  Alabama,  1926.  Figures  3  and  4  are  based  on 
this    report. 


the  field  engineer  in  order  that  he  may 
record  reconnaissance  notes  on  the  map. 
However,  since  the  detail  on  the  map  can- 
not be  greater  than  that  of  the  airphotos, 
the  maximum  practical  scale  is  that  of  the 
latter  (approximately  3  inches  to  1  mile 
for  this  study). 

Characteristics  of  Map   Units 

It  is  understood,  of  course,  that  on  a 
soil  map  prepared  primarily  by  airphoto 
interpretation  the  information  is  general- 
ized. While  the  map  and  description  of 
map  units  for  section  2-D  may  be  sufficiently 
detailed  for  use  in  preliminary  location  and 
estimates,  some  portions  of  the  final  loca- 
tion will  require  more  detailed  informa- 
tion. The  soil  map  will  usually  indicate 
where  the  field  investigation  of  soil  and 
ground  conditions  must  be  concentrated. 

The  engineering  soil  map  units  delineated 
in  section  2-D  differ  in  some  characteristics 
which  are  of  importance  to  the  highway 
engineer.  Even  though  some  of  the  land- 
forms  were  divided  into  several  maps  units, 
it  was  revealed  by  borings,  field  observa- 
tion of  soil  profiles  in  road  cuts,  and  lab- 
oratory soil  test  results  that  considerable 
variation  both  laterally  and  vertically  exists 
within  some  units.  Some  of  the  variations 
are  described  in  the  discussion  of  the  map 
units  which  follows.  More  detailed  infor- 
mation concerning  the  variations  in  soil 
profiles  within  the  map  units  may  be  ob- 
tained by  reference  to  the  summary  of  soil 
test  results  shown  in  table  1.  Since  the 
original  mapping  was  for  a  f>2-mile  por- 
tion of  the  parkway  and  soil  samples  were 
taken  which  would  be  representative  of 
map  units  within  that  length,  some  map- 
unit  soils  were  not  sampled  in  section  2-D. 
Hence,  table  1  shows  some  soil  test  results 
for  ma])  units  occurring  in  section  2-D 
but  for  which  the  representative  soil 
samples  were  taken  from  another  construc- 
tion section. 

The  probable  Highway  Research  Board 
group  number  was  used  in  the  description 
of  the  soil  for  those  map  units  having  ap- 
preciable soil  mantle.  This  was  considered 
permissible  in  such  highly  generalized  map- 
ping, even  though  the  stated  soil  groups 
were  based  on  a  limited  number  of  labora- 
tory tests  and  field  observations.  The 
test  data  given  in  table  1  support  the  esti- 
mates. 

The  map  unit  descriptions  do  not  indicate 
whether  materials  may  be  suitable  for  use 
as  aggregates  in  bituminous  mixtures  or  in 
Portland  cement  concrete.  The  determina- 
tion of  quality,  availability,  and  extent  of 
aggregates  must  be  made  in  a  detailed  sur- 
vey  by   the    materials   engineer. 

Although  some  of  the  engineering  char- 
acteristics of  map  units  may  be  ascertained 
by  direct  stereoscopic  observation  of  air- 
photos, other  characteristics  are  deduced 
from  features  of  the  airphoto  pattern.  Fig- 
gures  6-14  show  the  airphoto  patterns  of 
the  most  extensive  map  units  in  section  2-D. 
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73 
93 

120 
115 
111 

14 
14 
18 

96 
99 

93 

85 

90 
73 

Do 

AT-gel  24 

Do 

Do 

AT-il  6 

122 
122 

13 
12 

Do 

AR-gl  2 

Do 

AR-il  2 

111 

12 

14 
16 
19 
18 

1.9 
1.9 
1.8 
1.8 

Do 

AR-il  46 

Do 

118 

14 

1  Approximate  locations  of  borings   are   shown  on  figure  5.    Borings  Nos.   2.   8,   11,   and  34   were  made  in    other    sections    of    the    parkway. 


In  the  following  descriptions  of  the  map 
units  encountered  in  section  2-D,  some  units 
are  grouped  on  the  basis  of  geologic  ma- 
terial while   others  are  grouped   according 

to    landform. 

Units  on  cherty  limestone 

Sl—Ciglu  >i. — The  unit  has  level  to  undu- 
lating topography  underlain  primarily  by 
slightly  friable  A-6  soil  to  a  depth  greater 
than  15  feet  and  containing  angular  chert, 
which  ranges  up  to  8  inches  in  size  and  to 
25  percent  of  total  material,  in  the  subsoil. 
Soil  from  the  B-horizon,  which  extends 
to  a  depth  of  3  to  8  feet,  is  more  plastic 
than  from  the  C-horizon  and  soils  from  both 
horizons  may  be  A-7.  Much  of  the  sur- 
face water  is  collected  in  depressions  or 
sinkholes  and  removed  through  subterra- 
nean channels.  In  undisturbed  condition 
the  soil  has  good  internal  drainage;  re- 
molding destroys  the  soil  structure  and  de- 
creases the  permeability.  Bedrock  occurs 
at  such  great  depth  that  it  is  not  a  source 
of  aggregate.  Airphotos  show  the  mottled 
sinkhole  pattern  and  general  lack  of  sur- 
face drainage  development.  The  unit  is 
usually    cultivated. 

SIV—piu  6. — The  airphoto  pattern  of  this 
unit  is  illustrated  in  figure  6.  The  topog- 
raphy is  generally  undulating,  with  some 
short  steep  slopes,  some  limestone  depres- 
sions, and  underlain  by  bouldery,  plastic 
A-6  soil;  bedrock  normally  occurs  at  a 
depth  of  less  than  10  feet.  Limestone 
boulders  on  or  near  the  ground  surface  will 
interfere     with     earth     work.       Depressed 


areas  have  a  high  ground-water  table  during 
substantial  periods.  Much  of  the  surface 
water  is  collected  in  depressions  and  dis- 
charged through  subterranean  channels; 
hence,  some  faintly  discernible  gullies  dis- 
appear at  the  edge  of  depressions.  Al- 
though limestone  might  be  quarried  from 
this  unit  and  used  for  road  surfacing,  the 
quarry  opening  will  normally  be  made  in 
the  adjacent  unit,  SIV-s.  The  airphoto 
color  tone  is  medium  gray  mottled  with 
darker  gray.  On  nearly  level  areas  the 
dark  areas  are  connected  to  form  a  phan- 
tom  drainage   pattern. 

SIV-pis  6. — The  airphoto  pattern^of  this 
unit  is  also  shown  in  figure  (5.  The  topog- 
raphy is  rolling  and  underlain  by  bouldery, 


plastic  A-6  soil,  with  limestone  bedrock 
normally  at  a  depth  of  less  than  10  feet. 
Limestone  boulders,  exposed  in  some  areas, 
will  interfere  with  earthwork.  Although 
the  internal  drainage  is  poor  to  imperfect, 
surface  drainage  is  good.  Extensive  sur- 
face drainage  channels  have  been  formed 
because  of  the  steep  ground  slopes. 

SIV-s. — The  unit  is  composed  of  valley 
walls  in  which  limestone  is  either  exposed 
or  near  the  ground  surface;  slopes  vary 
from  10  percent  in  shallow  soil  areas  to 
nearly  vertical  in  rock  exposures.  Where 
there  is  a  soil  mantle  it  is  shallow  and  con- 
tains angular  chert  or  cherty  limestone  frag- 
ments. Bedrock  exposures  may  be  sources 
of  aggregate.     On  airphotos  the  identity  of 


Figure   6. — Airphoto   stereo-pair   illustrating   map   units    S/V-piu   6   and 
S/V-pis    6.     Boulders   are   exposed   in    some   areas   as   at   B. 
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Figure   7. — Airphoto   illustrating   map   units 
SsV-els  234  and  ShV-pius  67. 


this  unit  is  established  by  determination 
that  adjacent  units  are  derived  from  lime- 
stone. 

Units  on  sandstone,  calcareous  shale,  and 
interbedded  sandstone,  shale,  and  lime- 
stone. 

SsV-els  234.— The  airphoto  pattern  of 
this  unit  is  illustrated  in  figure  7.  The 
unit  occupies  tops  of  hills  and  ridges,  usu- 
ally wooded;  ridge  tops  may  be  more  than 
100  yards  wide  and  are  nearly  flat,  but 
side  slopes  are  steep.  Normally,  weakly 
cemented,  weathered  sandstone  occurs  at 
a  depth  of  2  to  4  feet,  the  C-horizon  soil 
is  A-2  or  A-3,  and  the  B-horizon  soil  is 
friable  A-4.  However,  some  hills  and 
ridges  of  this  unit  are  capped  with  coastal 
plain  soils,  and  weathered  bedrock  may 
not  be  encountered  within  a  depth  of  10 
feet.  The  A-2  or  A-3  soil  and  weathered 
sandstone  may  be  used  in  a  subbase  but  the 
sandstone  is  usually  not  of  such  quality 
that  it  can  be  used  for  base  course  or  sur- 
facing material.  However,  if  an  exposure 
of  asphaltic  sandstone  is  located,  its  suit- 


ability as  aggregate  should  be  investigated. 
Neither  internal  nor  external  drainage 
should  be  a  problem  in  this  unit.  Water- 
sheds are  small  and  most  of  the  rainfall 
is  absorbed  by  the  porous  soil;  hence  drain- 
age channels  are  not  well  developed.  A 
landscape  view  is  shown  in   figure   8. 

ShV-pius  67. — The  airphoto  pattern  of 
this  unit  is  also  shown  in  figure  7.  The 
unit  is  either  woodland  or  pasture.  It  oc- 
cupies 5-  to  20-percent  slopes  and  normally 
has  a  mantle  of  elastic  A-6  or  A-7  soil, 
2  to  10  feet  in  depth,  with  poor  or  imper- 
fect internal  drainage.  Erosion  has  ex- 
posed the  weathered  shale  in  some 
areas.  Within  the  usual  depth  of  cuts 
the  weathered  shale  is  easily  exca- 
vated; blasting  will  be  required  in  deep 
cuts.  Some  areas  of  this  unit  are  under- 
lain by  interbedded  shale  and  limestone  and 
excavation  in  the  limestone  will  require 
blasting.  The  limestone,  particularly  that 
containing  asphalt,  may  be  suitable  base 
course  or  surfacing  material. 

Slhs-s. — The  airphoto  pattern  of  this  unit 
is  shown  in  figure  9.     The  unit  has  slopes 


which  usually  range  from  20  to  90  per- 
cent and  are  underlain  by  undifferentiated 
limestone,  shale,  or  sandstone  formations. 
The  materials  are  exposed  as  nearly  verti- 
cal cliffs  in  valley  walls  or  occur  on  such 
steep  slopes  that  bedrock  will  be  encountered 
in  shallow  cuts.  The  flatter  slopes  prob- 
ably have  some  soil  mantle  as  well  as  a 
variable  depth  of  weathered  rock;  deline- 
ation of  each  material  cannot  be  made  on 
the  airphoto.  Well-defined  stream  channels 
have  been  cut  in  the  rock  slopes,  while  the 
small  tributary  streams  at  higher  eleva- 
tion have  no  well-defined  channels  where 
there  are  porous,  coastal-plain  soils.  Un- 
weathered  sandstone  or  limestone,  particu- 
larly asphaltic  limestone,  may  be  suitable 
base  course  or  surfacing  material.  Most 
of  the  areas  are  wooded. 

Units  on  coastal  plain  deposits 

MV-Ces  124.  —  The  airphoto  pattern 
of  this  unit  is  shown  in  figure  10.  The 
unit  occupies  dissected  upland  areas 
underlain  by  stratified  A-l,  A-2,  and 
occasional  A-4  or  even  A-6  soil.  Chert 
gravel  predominates  and  usually  occurs  in 
strata  having  a  thickness  of  5  to  20  feet 
or  more,  with  maximum  particle  size  of 
about  4  inches.  The  unit  contains  the 
most  extensive  deposits  of  possible  base 
course  gravel  in  the  region,  although  ex- 
cessive clay,  induration  of  gravel,  and  poor 
gradation  precludes  the  use  of  many  ex- 
posed deposits.  Both  surface  and  internal 
drainage  of  the  unit  are  usually  good  but 
seepage  may  occur  at  the  top  of  plastic 
soil  strata.  The  ridge  tops  have  undulating 
topography  but  the  side  slopes  are  steep  and 
relatively  straight.  Local  roads  and  trails 
on  the  ridges  are  quite  circuitous.  Gul- 
lies and  minor  tributary  streams  pursue 
relatively   straight   courses. 

MV-igus  -'/'>'. — The  airphoto  pattern  of 
this  unit  is  also  shown  in  figure  10.  The 
unit  occurs  downslope  from  MV-Ces  124 
and  consists  of  material  washed  from  the 


Figure  8.  —  Easily  weathered  calcareous 
shales  are  usually  exposed  below  a  more 
resistant  formation.  Here,  the  steep  area 
in  the  distance  is  map  unit  SsV-els  234 
(soil  formed  from  sandstone)  while  the 
flatter  slope  in  the  foreground  has  de- 
veloped on  the  shale  unit  ShV-pius  67. 


Figure  9. — Airphoto  illustrating  map  unit  Slhs-s. 
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Figure  10. — Airphoto  illustrating  map  units 
MV-Ces  124  and  MV-igus  246. 


Figure    11. — Airphoto   illustrating   map   unit   AR-il   46. 


tions  less  frequently ;  all  portions  have  a 
high  ground-water  table  during  other  sig- 
nificant periods.  Soils  are  plastic  A-4  or 
A-6  but  the  profile  may  contain  some  strata 
of  fine  silty  sand.  Some  ax-eas  have  aban- 
doned channels  which  contain  organic  clay. 
Airphoto  color  tone  is  dull  gray  mottled 
with  darker  gray,  indicating  silt  or  silty 
clay. 

AR-pl  Ifi. — The  unit  may  be  flooded  each 
year  and  has  a  permanent  high  ground- 
water table.  The  soil  is  normally  a  plastic 
A-4  or  A-6  soil  but  may  have  strata  of 
silty  sand.  Depressed,  wooded  areas  and 
abandoned  channels  contain  organic  clay. 
The  airphoto  color  tone  is  medium  to  dark 
gray  mottled  with  darker  gray  or  black. 

AR-gl  2. — The  airphoto  pattern  of  this 
unit  is  shown  in  figure  12.  The  unit  oc- 
curs primarily  as  a  natural  levee  adjacent 
to  a  stream  and  has  a  high  water  table 
only  during  flood  stages,  but  is  normally 
well-drained.  Although  the  material  is 
usually  A-2  soil,  there  may  be  considerable 
variation  in  texture  both  horizontally  and 
vertically,  and  some  strata  may  contain 
gravelly  sand  or  sandy  gravel.  The  topog- 
raphy is  nearly  level  but  may  have  some 
shallow   stream   markings. 

AR-il  2.- — The  unit  occurs  in  either  a  natu- 
ral levee  of  a  stream  or  on  the  flatter  portion 
of  the  flood  plain,  may  be  flooded  more  than 
once  each  year,  and  has  a  relatively  high 
ground-water  table  during  significant  por- 
tions of  each  year.  In  general,  the  soil 
is  A-2,  but  there  may  be  thin  strata  of 
either  A-4  or  A-6  soil.  Some  areas  have 
abandoned  channels  which  may  contain  or- 
ganic clay.  Higher  areas  of  the  unit  have 
a  light  gray  to  white  airphoto  color  tone. 


higher  unit  onto  residual  soil  derived  from 
limestone,  shale,  or  sandstone.  Slopes 
usually  range  from  10  to  30  percent.  The 
wash  material  varies  from  a  few  feet  to 
about  12  feet  in  depth  and  may  be  A-2,  A-4, 
or  A-6  soil.  Underlying  the  wash  material 
is  usually  A-6  soil  but  it  may  be  A-7.  In- 
ternal drainage  is  usually  good  in  the  wash 
material,  but  downward  movement  of  ground 
water  will  be  retarded  by  the  plastic  residu- 
al soil.  In  some  areas  the  unit  is  deeply 
dissected.  Deep  cuts  involve  some  exca- 
vation in  the   plastic  residual  soil. 

Units  on  recent  alluvium 

AR-gl  ¥>. — This  inextensive  unit  occupies 
flood  plains  which  are  rarely  actually 
flooded.  The  soils  are  well-drained,  friable, 
A-4  or  A-6,  and  may  contain  some  sand  or 
gravel,  particularly  along  existing  or  aban- 
doned stream  channels.  The  airphoto  color 
tone  is  uniform  dull  gray. 

AR-il  )fi. — The  airphoto  pattern  of  this 
unit  is  shown  in  figure  11.  The  unit  oc- 
cupies flood  plains  of  which  portions  are 
normally  flooded  each  year  and  other  por- 

202 


f 


Figure   12. — Airphoto   illustrating   map   unit   AR-gl   2. 
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Figure   13. — Airphoto  illustrating  map  unit  AT-gel   12. 
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Units  on  alluvial  terraces 

AT-gel  12. — The  airphoto  pattern  of  this 
unit  is  shown  in  figure  13.  The  unit  oc- 
cupies slightly  elevated  positions  along 
major  streams  and  is  rarely  flooded;  its 
ground  surface  varies  from  flat  to  gently 
undulating.  There  is  little  surface  drain- 
age; the  outer  terrace  wall  is  steep,  dis- 
sected by  short,  steep-walled  gullies.  The 
B-horizon  soil  may  be  A-4  or  A-6  with  some 
gravel,  but  the  underlying  soil  is  usually 
A-l  or  A-2  with  considerable  clay  and  silt 
in  the  upper  portion.  Extreme  vertical 
variation  in  textural  gradation  should  be 
anticipated.  Use  as  base  course  material 
is  questionable,  but  some  deposits  should 
be  good  sources  of  borrow  for  use  in  adja- 
cent embankments  crossing  poorly  drained 
alluvial  soils.  The  over-all  medium  gray 
color  tone  indicates  that  the  surface  soil 
may  be  gravelly  clay,  while  the  gray 
mottled  areas  have  a  thicker  surfacing  of 
clayey  soil. 

AT-gl  24.— The  airphoto  pattern  of  this 
unit  is  shown  in  figure  14.  The  unit  oc- 
cupies a  position  about  15  to  30  feet  higher 
than  the  adjacent  flood  plain  and  the  soils 
are  usually  friable,  well-drained  A-2  or  A-4. 
Streams  from  the  upland  continue  across 
the  unit  but  surface  drainage  does  not 
usually  develop  on  the  terrace.  The  light 
gray  color  tone  with  only  minor  mottling 
indicates  that  the  material  is  sand.  It  may 
be  a  good  source  of  borrow. 

AT-il  6. — The  unit  occupies  level  to  gently 
undulating  areas  20  to  75  feet  above  the 
adjacent  flood  plain.  The  soil  is  usually 
A-6  but  in  some  areas  the  B-horizon  has 
A-7  soil  and  substrata  are  A-4.  Internal 
drainage  is  imperfect  and  extensive  surface 
drainage  channels  have  developed  in  some 
areas.  It  may  have  a  hardpan  at  a  depth 
of  2  to  5  feet.  In  addition  to  the  foregoing 
features,  airphotos  show  the  terrace  has  a 
gently  sloping  outer  terrace  wall  (except 
where  there  has  been  recent  stream  cutting) 
and  the  color  tone  is  dull  gray  mottled  with 
darker  gray. 

Adequacy  of  Symbol  System 

It  is  believed  that  the  system  of  map 
unit  symbols  proposed  by  Lueder  and  modi- 
fied in  this  report  adequately  describe  the 
most  important  soil  profile  and  environ- 
mental characteristics  of  the  area  investi- 
gated, and  that  the  coding  system  can 
readily  be  mastered  since  most  of  the  sym- 
bols are  suggestive  of  particular  character- 
istics of  map  units.  In  preliminary  loca- 
tion work  the  highway  engineer  is  primarily 
interested  in  topographic  details,  with  less 
consideration  being  given  to  soil  conditions. 
In  design  and  construction  phases,  the  engi- 
neer is  interested  in  topographic  details, 
but  soil  characteristics,  geology,  and  drain- 
age conditions  are  also  of  primary  im- 
portance. The  symbols  denote  these  char- 
acteristics in  a  generalized  manner,  while 
the  detailed  descriptions  of  map  units  en- 
large upon  the  characteristics. 


y*-^r 


Figure    14. — Airphoto   illustrating    map   unit    AT-gl    21. 


Adequacy  of  the  mapping  for  the  Natchez 
Trace  Parkway  will  only  be  determined 
when  the  maps  are  used.  If  it  is  deter- 
mined that  more  generalized  mapping  will 
suffice  for  future  projects,  the  generaliza- 
tion can  be  done  either  by  combining  two 
or  more  symbols  used  to  describe  a  particu- 
lar characteristic  of  a  unit  or  by  eliminating 
one  or  more  of  the  characteristics  from  the 
map  unit  designation.  More  detailed  map- 
ping could  be  accomplished  by  delineating 
smaller  areas  as  map  units  and  by  using 
additional  symbols  to  describe  other  char- 
acteristics of  the  map  unit. 

Geologic  and  agricultural  soil  survey  units 
corresponding  to  the  engineering  soil  map 
units  delineated  in  section  2-D  are  listed 
in  table  2.  In  general,  the  engineering 
map  is  more  detailed  than  the  geologic  map. 
In  agricultural  soil  mapping,  the  surface 
soil  is  usually  of  the  greatest  importance, 
whereas  the  engineer  is  also  interested  in 
lower  soil  horizons.  An  engineering  map 
unit  may  be  either  a  subdivision  or  com- 
bination of  agricultural  soil  types. 

Design  and  Construction  Problems 

Many  problems  of  highway  design  and 
construction  can  only  be  solved  by  field 
study  or  application  of  previously  obtained 
knowledge  concerning  a  similar  problem. 
Information  relating  to  problems  which  are 
characteristic  of  individual  map   units  has 


been  noted  in  the  descriptions  of  the  engi- 
neering characteristics  of  the  units.  Engi- 
needing  information  concerning  character- 
istics common  to  several  map  units  is  pre- 
sented   in   table    3. 

Frost  does  not  penetrate  the  soils  to  a 
great  depth,  and  below-freezing  periods 
are  of  relatively  short  duration,  in  the 
area  under  consideration;  hence,  frozen 
soil  is  not  a  major  deterrent  to  earthwork. 
However,  there  is  considerable  rainfall  dur- 
ing winter  and  early  spring  months,  which 
delays  construction  in  granular  soils  and 
prevents  grading  operations  in  fine-grained 
soils    for   substantial    periods. 

In  some  map  units,  particularly  in  lime- 
stone areas,  the  depth  to  ground-water  table 
at  any  time  varies  considerably  over  rela- 
tively small  areas.  When  the  water  table 
is  deep  it  usually  has  no  influence  on  high- 
way construction,  and  when  at  a  moderate 
depth  it  is  of  consequence  only  in  deep 
cuts.  The  designation  "shallow"  in  table 
3  indicates  that  the  water  table  may  be 
at  or  near  the  ground  surface  for  signi- 
cant  periods;  "high"  indicates  those  areas 
which  may  be  inundated  for  significant 
periods,  with  the  water  table  near  the 
ground  surface  during  the  remainder  of  the 
year. 

In  any  map  unit  the  road  surface  should 
be  at  such  an  elevation  that  the  pavement 
will  not  be  adversely  affected  by  the  ground 
water    table.     In    alluvial    map    units,    the 


Table    2. — Correlation    of   engineering    map    units    with    geologic    materials    and 

agricultural    soils 


Engineering 
map  unit 


Sl-Ciglu  6 

SlV-piu6 

SIV-pis  6 

SIV-s 

ShV-pius  67.. 

Slhs-s 

Sa  V-els  23/, . . . 
Mv-Ces  124--- 
MV-igus  246. 
AR-gl  46  .... 
AR-il  46 


AR-pl  46-. 
AR-gl  2... 
AR-il  2... 
AT-gel  IB. 
AT-gl  24-- 
AT-il  6.-. 


Geologic  material 


Cherty  limestone. 
.do 


.do. 

.do.. 


Limestone,  calcareous  shale,  and  sandstone 

do 

Sandstone 

Tuscaloosa  formation  (gravel,  sand,  and  clay) 
.do_ 


Recent  alluvium. 
do 


_do_ 
.do_ 
.do. 


.do 

.do. 
_do_ 


Agricultural  soil  typo 


1  lewej  loam. 
Do. 

Do. 
Rough  stony  land. 
Colbert  clay  or  silt  loam. 
Colbert  clay. 

Atwood  gravelly  loam  and   Dickson  silt  loam. 
Atwood  gravelly  loam  and  Guin  undifferentiated. 
Guin  undifferentiated. 
Ochlockonee  fine  sandy  loam. 
Ochlockonee   fine  sandy   loam   or  silt   loam   and 

Huntington  silt  loam. 
Huntington  silt  loam. 
Ochlockonee  fine  sandv  loam. 

Do. 
<  !ahaba  gravelly  fine  sandy  loam. 
Kalmia  fine  sandy  loam. 
Kalmia  loamy  fine  sand. 
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Table    3. — Engineering    data    and    recommendations    for    map    units 


Map  unit 
designation 


Sl-Ciglu  6    .  - 

SI  V-piu  6 

SU  -pis  6.— 
SI  1  -s 

Ssl  -els  !.■■', 
ShV-pius  6% 
Slhs-s. 

M  V-Ces  I  .",. 
M  I  -igus  >  'fi 
Mi-ill  ','■ 
AH-il    ■ 
AR-pl   (S 
Alt -ul  : 
AR-il  : 
AT-gel  12      - 

AT-gl  U---- 
AT-il  6 


Adapted 

to 
wintei 
grading 


No 


No 

No 

Limited- 
Yes 

No  - 
Limited 

Yes 

Limited 

No    

No 

No 

Yes     - 
No__ 
Yes 


Yes 

No 


Norma] 

i  iosi1  ion 

of  water 

table 


Variable- 


Shallow  _ 
Variable. 
I  )eep  - 
.do- 


Variable 

do 

1 )eej i 

Variable 
Moderate__- 

Shallow 

High 

Moderate__. 
Shallow    — 
Mode]  ate  to 
deep. 

do 

do 


Location  of  gradi 

line  with  respect  to 

ground  surface 


Erosion 
resistance 


Shallow  cuts  in  ground 
swells;   fills  in   de- 
pressions. 

do 

Influenced  by  bedrock 
.do 


Anywhere 

.-  do 

Influenced  by  bedrock 

Anywhere 

'do 


Above  high  water. 

-.-do 

do.    - 


do 

...do 

Anywhere,  if  abov 
high  water. 

Anywhere 

do „ 


Good  - 


do. 

do. 

...do- 


do. 

Fair  to  poor. 
Good  to  fair- 
Good . 
Fair 


Good  _ 


-do. 
-do. 


Possible  source  of- 


Born 


Limited- 


No 

No 

No 

Yes 

No 

No 

Yes 
\  <  - 
Limited 

No 

No 

Yes...  . 

Limited 
Yes 

Yes..    _ 

No 


Granular 
subbase 
material 


No 

No 

No 

No 

Limited 

No 

No 

Yes 

Limited 

No 

No 

No-_. 

\  es 

Limited 
5  i  . 

Limited 

No 


Base 

course 
tuatei  iai 


No 


No 
No 
Yes 

No 
No 
Yes 

Yes 
No 
No 
No 
No 
No 
No 
Yes 

No 
No 


grade  line  should  be  sufficiently  above  high 
water  elevation  to  prevent  damage  to  the 
pavement. 

In  those  units  designated  as  limited 
sources  of  borrow  or  subbase  material,  the 
soil  is  either  of  such  poor  quality  that  it 
should  be  used  only  when  better  material 
cannot  be  obtained,  or  it  is  difficult  to  ex- 
cavate because  of  high  ground-water  table 
during  significant  periods. 

Since  there  are  extensive  sources  of 
gravel  in  the  mapped  area,  it  is  probable 
that  a  pavement  section  composed  of  gravel 
base  course  and  bituminous  concrete  sur- 
face course  will  be  adopted  for  section  2-D. 
However,  the  normal  base  course  thickness 
might  be  reduced  in  those  areas  where  the 
subgrade  is  composed  of  granular  soils, 
whereas  an  above-normal  thickness  of  pave- 
ment may  be  required  in  areas  where  the 
subgrade  is  composed  of  very  plastic  soils. 
In  some  areas  the  necessity  for  a  thicker 
base  course  may  be  alleviated  by  topping 
the  subgrade  with  one  of  the  materials 
designated  as  granular  subbase  material 
in  table  3. 

Parent  formations,  as  well  as  uncon- 
solidated materials,  are  represented  in  table 
3  as  sources  of  base  course  material,  al- 
though it  is  probable  that  gravel  will  be 
used  exclusively.  Map  unit  MV-Ces  l?-'i 
will  probably  be  the  principal  source  of 
gravel  for  section  2-D,  but  considerable  ex- 
ploration may  be  required  in  order  to  find 
a  deposit  of  gravel  suitable  for  a  base 
course.  The  terrace  deposit  AT-gel  1 '  may 
have  some  suitable  gravel,  but  it  is  limited 
in  extent. 

Time  Required  for  Preparation   of 
Report 

So  that  the  information  obtained  on  the 
Natchez  Trace  study  may  be  used  in  plan- 
ning other  mapping  projects,  the  estimated 
time  required,  in  8-hour  man-days  per 
square  mile  of  mapped  area,  for  various 
phases  of  the  investigation  of  section  2-D 
is  given  in  table  4.  The  table  does  not 
show  the  amount  of  time  required  for  map 


drafting,  stenographic  work,  and  prepara- 
tion of  the  report,  because  each  of  those 
items  will  depend  upon  the  use  to  be  made 
of  the  report. 

It  is  believed  that  the  developed  system 
of  map-unit  symbols  is  adequate  for  de- 
scribing the  major  soil  and  terrain  char- 
acteristics of  an  area;  hence,  any  future 
mapping  will  not  require  any  time  for  that 
phase    of    the    investigation. 

The  time  required  for  the  office  study  of 
published  material,  correlation  of  airphoto 
patterns  with  soils  and  geology,  and  air- 
photo delineation  of  map  unit  boundaries 
depends  upon  (1)  the  amount  of  published 
material  which  must  be  read  in  order  to 
obtain  the  basic  information  on  soils  and 
geology,  (2)  complexity  of  mapping,  and 
( 3 )  ability  of  the  airphoto  interpreter. 
Complexity  of  mapping  depends  not  only 
upon  the  variations  in  geologic  materials 
and  environmental  factors  but  also  the  pur- 
pose of  the  mapping.  A  highly  generalized 
map  may  suffice  for  the  initial  highway 
reconnaissance  survey,  whereas  a  more  de- 
tailed map  will  be  required  in  a  later  stage 
of  highway  location. 

The  skill  of  the  airphoto  interpreter  de- 
pends not  only  upon  his  ability  to  associate 
various  features  of  airphoto  patterns  but 
also  his  experience  in  mapping  similar 
areas.  After  the  airphoto  pattern  for  a 
particular  map  unit  has  been  defined,  air- 
photo delineation  of  the  boundary  between 
an  area  of  that  map  unit  and  adjacent 
map  units  is  usually  not  difficult.  Mapping 
of  a  strip  adjacent  to  a  previously  mapped 
area  might  require  only  half  as  much  time 
per  unit  of  area,  because  most  of  the  map 
units  would  be  repeated  in  the  second  strip. 

The  time  required  for  the  field  survey  and 
soil  testing  depends  upon  (1)  number  of 
map  units,  (2)  stratification  of  the  parent 
material,  (3)  topography,  (4)  amount  of 
information  previously  obtained  for  the 
same  map  units,  and  (5)  ability  of  the 
surveyor  to  select  sampling  sites  which  are 
representative  of  the  particular  map  unit. 
Ordinarily,  for  any  coastal  plain  map  unit 
several   strata   will  be   encountered   within 


the  normal  depth  of  highway  excavation, 
hence  several  samples  will  be  required  in 
order  to  determine  the  characteristics  of 
the  various  soils.  On  the  other  hand,  in 
a  residual  soil  map  unit,  the  parent  ma- 
terial is  not  usually  stratified,  and  less 
sampling  will  be  required.  Borings  in  the 
areas  having  steep  slopes  or  irregular  topog- 
raphy must  usually  be  deeper  than  in  flat 
areas;  hence,  more  time  will  be  required 
in  the  field  soil  survey  of  the  steep  areas. 
It  is  probable  that,  because  of  the  variety 
of  parent  materials  encountered  both  later- 
ally and  vertically  and  the  irregular  topog- 
raphy, the  35  samples  obtained  in  section 
2-D  are  more  than  would  normally  be  re- 
quired in  an  area  of  that  size.  If  the  only 
tests  required  are  those  for  the  Highway 
Research  Board  classification,  the  time  re- 
quired for  soil  testing  will  be  less  than  the 
1.0  man-day  per  square  mile  estimated  for 
section  2-D. 

Frequently,  the  information  regarding 
map  units  in  one  area  can  be  applied  to 
either  the  same  or  similar  map  units  in 
another  area,  thus  reducing  the  amount  of 
field   work   in   the  second   area. 

The  time  required  for  airphoto  delinea- 
tion of  drainage  lines  varies  according  to 
the  intricacy  of  dissection  of  the  area,  so 
it  is  probable  that  less  than  0.05  man-day 
would  be  required  to  delineate  the  drainage 
in  a  square  mile  of  a  slightly  or  moderately 
dissected  area.  A  highly  trained  airphoto 
interpreter  is  not  required  for  airphoto 
delineation  of  drainage  lines. 

The  primary  aim  of  the  engineering  re- 
port is  to  present  information  which  can 
be  used  bv  the  highway  engineer;  hence,  a 
considerable  portion  of  the  total  time  re- 
quirement should  be  allotted  for  map  unit 
description  and  engineering  recommenda- 
tions. The  engineer  who  makes  the  rec- 
ommendations should  have  a  broad  knowl- 
edge of  the  factors  involved  in  highway 
location,  design,  and  construction.  He 
should  be  familiar  with  construction  prac- 
tices in  either  adjacent  areas  or  other  areas 
having  similar  soil  and  environmental 
characteristics.  For  each  map  unit  he  must 
consider  the  possible  uses  to  be  made  of  the 
mapping,  and  then  present  engineering  in- 


Table  4. — Time  required  for  preparation  of 
engineering    report 


Phase  of  investigation 


Office    study    of    soil    bulletins 

and  geologic  reports 

Development  of  system  of  map 

symbols 

Preliminary  study  of  airphotos 
and   correlation   of   airphoto 
patterns  with  soils  and  geology 
Airphoto    delineation    of    map 

unit  boundaries 

Field  survey 

Soil  testing 

Drainage 

Ma)>  unit  description  and  en- 
gineering recommendations.. 

Total 


Time  required,  man- 
days  per  square  mile 


Engineer- 
interpreter 


0.15 
0.05 

0.25 

0.20 
0.15 
0.00 
0.05 

0.15 


1.00 


Other 
personnel 


0.00 
0.00 

0.10 

0.00 
0.15 
1.00 
0.00 

0.00 


1.25 
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formation  which  will  be  of  value  to  the  user. 
The  total  of  2.25  man-days  per  square 
mile  required  for  the  mapping  and  report- 
ing of  section  2-D,  as  shown  in  table  4,  is 
greater  than  for  adjacent  construction  sec- 
tions of  the  parkway  because  section  2-D 
has  a  greater  variation  in  geologic  forma- 
tions and  topography.  Complexity  of  geo- 
logic formations  and  irregular  topography 


require  the  expenditure  of  a  great  amount 
of  time  for  mapping,  particularly  when  the 
mapped  strip  is  alined  approximately  in 
the  direction  of  dip,  as  it  is  for  section 
2-D.  It  is  probable  that  not  more  than  1.5 
man-days  per  square  mile  would  be  re- 
quired to  map  a  mile-wide  strip  in  a  slightly 
to  moderately  dissected  area  having  ex- 
tensive exposures  of  relatively  uniform  geo- 


logic formations,  and  that  time  might  be 
considerably  reduced  if  the  airphoto  inter- 
preter had  mapped  other  areas  having  the 
same  or  similar  airphoto  patterns.  The 
time  would  be  about  equally  divided  between 
the  engineer-interpreter  and  other  person- 
nel. For  a  wider  strip  the  average  time 
required  for  mapping  a  square  mile  might 
be  reduced  to  1.0  man-day. 


Inter- American  Highway  Film 


Inter- American  Higlnvay  Report — Part  I, 
Mexico,  a  motion  picture  produced  by  the 
Bureau  of  Public  Roads,  is  now  available 
on  loan  to  interested  organizations.  The 
16-millimeter  sound  and  color  film,  with  a 
running  time  of  55  minutes,  shows  the 
present  condition  of  the  Mexican  portion 
of  the  Inter-American  Highway  from  Lare- 
do, Texas,  to  the  Guatemalan  border — 
1,700  miles  of  excellent  roads  built  by  the 
Republic  of  Mexico  with  its  own  funds  and 
personnel. 


The  scenes  picture  a  realm  of  contrasts 
in  a  setting  of  magnificent  scenery.  There 
are  thriving  cities  and  relics  of  antiquity, 
primitive  and  modern  means  of  transporta- 
tion, native  handicraft  and  up-to-date  in- 
dustrial plants,  antiquated  and  scientifically 
operated  farms,  and  many  other  colorful 
and  interesting  sights  to  capture  the  at- 
tention of  the  traveller.  Typical  hotel, 
garage,  and  filling-station  services  are 
shown.  Animated  maps  represent  the  lo- 
cations of  many  of  the  scenes  depicted. 


Inter- American  Highway  Report — Part  1, 
Mexico  may  be  borrowed  by  any  responsible 
organization,  without  cost  except  for  nomi- 
nal transportation  charges,  by  writing  to 
the  Visual  Education  Branch,  Bureau  of 
Public   Roads,   Washington   25,   D.   C. 

Work  on  a  companion  film  is  now 
in  progress.  This  second  installment  will 
show  the  condition  of  the  continuation  of 
the  Inter-American  Highway  through  the 
six  Central  American  republics,  terminating 
at  Panama  City. 
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Freezing  and  Thawing  Tests  of  Concrete 
Containing  Oregon  and  Washington  Aggregates 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  A.  G.  TIMMS 
Senior  Materials  Engineer 


In  this  study,  plain  and  air-entrained  concretes  made  with  certain  Oregon 
and  Washington  aggregates,  and  with  Potomac  River  aggregates  as  a  control,  were 
subjected  to  alternate  freezing  and  thawing  after  preliminary  moist  curing  of 
both  short  and  prolonged  periods.  Some  of  the  concretes  had  poor  resistance 
to  freezing  and  thawing  while  others  stood  up  well.  There  was  no  evidence  in 
most  cases  of  any  alkali-aggregate   reaction. 

Prolonged  initial  curing  improved  the  resistance  to  freezing  and  thawing 
of  all  but  one  of  the  non-air-entrained  concretes.  This  was  not  true  for  the 
air-entrained  concretes,  and  in  many  cases  the  additional  curing  was  actually 
harmful.  However,  the  air-entrained  concretes  with  prolonged  initial  curing 
generally  had  belter  resistance  to  freezing  and  thawing  than  the  comparable 
non-air-entrained  concretes  cured  for  only  a  short  time. 

In  all  cases,  when  the  preliminary  curing  period  was  short,  the  use  of  an  air- 
entraining  agent  produced  concrete  with  greater  resistance  to  freezing  and  thaw- 
ing. With  the  prolonged  preliminary  curing,  air  entrainment  was  not  beneficial 
to  three  of  the  five  aggregate  combinations. 

In  general,  the  tests  indicated  that  the  durability  of  air-entrained  concrete 
may  be  adversely  affected  by  conditions  which  involve  long-continued  exposure 
to  moisture.  It  was  also  found  that  the  results  of  freezing  and  thaiving  tests  made 
after  a  short  period  of  curing  in  moist  air  may  not  be  sufficient  to  evaluate 
properly  the  durability  of  concrete  containing  certain  cement-aggregate  combi- 
nations. 


IN  a  paper  published  in  1944  '  Bailey 
Tremper,  Materials  Engineer  of  the  Wash- 
ington State  Department  of  Highways,  pre- 
sented data  showing  that  concrete  contain- 
ing aggregates  from  certain  sources  in  east- 
ern Washington,  in  combination  with  ce- 
ments high  in  alkalies,  when  tested  in 
freezing  and  thawing  after  prolonged  pre- 
liminary moist  curing  (7  months),  broke 
down  quite  rapidly  as  compared  to  similar 
concretes  containing  either  the  same  aggre- 
gates in  combination  with  low-alkali  ce- 
ments or  neutral  aggregates  in  combination 
with  high-alkali  cements.  However,  he 
found  that  when  these  same  combinations 
were  subjected  to  relatively  short  prelimi- 
nary'moist  curing  (28  days),  all  of  them 
developed  about  the  same  resistance  to 
freezing  and  thawing.  He  also  noted  that 
1-  by  1-  by  10-inch  mortar  bars  containing 
these  combinations,  when  exposed  in  a  satu- 
rated atmosphere  at  70°  F.,  failed  to  develop 
any  significant  expansion  at  ages  up  to  4 
years.  On  the  other  hand,  when  these 
mortar  liars  were  subsequently  frozen  and 
thawed,  the  order  of  deterioration  followed 


T/ie  effect  of  alkalies  in  Portland  eement  on  the 
durability  of  concrete,  by  Bailey  Tremper.  Journal  of 
the  American  Concrete  Institute,  November  1944. 


in  general  the  same  pattern  as  noted  for 
the  concrete. 

Tremper  concluded  from  these  data  that 
the  lack  of  durability  observed  in  his  tests 
was  primarily  a  function  of  the  alkali 
content  of  the  cement.  However,  lie  be- 
lieved that  the  type  of  reaction  was  dis- 
tinctly different  from  that  which  had 
previously  been  reported  by  Stanton  and 
other  investigators  of  the  so-called  "alkali- 
aggregate"  reaction. 

The  tests  reported  here  were  made  to 
obtain  additional  information  on  this  parti- 
cular point  as  well  as  to  study  the  durability 
of  concrete  made  with  certain  other  cement- 
aggregate  combinations  commonly  used  in 
Oregon  and  Washington. 

Seventeen  combinations  of  cements  and 
ag  legates  in  concrete  were  investigated. 
The  materials  included  four  fine  aggregates, 
four  coarse  aggregates,  and  three  cements 
from  the  Washington-Oregon  area,  Potomac 
Fiver  sand  and  gravel  from  the  vicinity  of 
Washington,  D.  C,  and  two  cements  manu- 
factured in  the  Southeast,  one  having  a 
high  and  the  other  a  low  alkali  content. 
The  combinations  involving  Oregon  and 
.  -hin^ton  materials  were  selected  on  the 


basis  of  recommendations  by  Tremper 
and  by  G.  S.  Paxson,  Bridge  Engineer, 
Oregon  Highway  Commission.  The  combi- 
nations of  Potomac  River  sand  and  gravel 
with  the  various  cements  were  tested  to 
provide  a  comparison  between  the  Oregon 
and  Washington  materials  and  combina- 
tions in  which  the  same  cements  were  used 
with  an  eastern  aggregate.  Concrete  speci- 
mens containing  the  17  combinations  of 
materials  were  tested  for  resistance  to 
alternate  freezing  and  thawing  in  water. 
Two  series  of  tests  were  made — one  in 
which  the  freezing  cycle  was  started  at 
the  expiration  of  28  days  of  preliminary 
moist  curing,  and  the  other  in  which  freez- 
ing was  started  at  the  conclusion  of  180 
days  of  moist  curing.  These  periods  were 
selected  in  order  to  bring  out  any  difference 
in  behavior  which  might  be  due  to  alkali 
action  under  long-continued  moist  curing, 
as  observed  by  Tremper. 

Two  parallel  series  of  tests  were  made — 
one  in  which  the  plain  portland  cements 
were  used,  and  the  other  in  which  sufficient 
neuti'alized  Vinsol  resin  was  added  at  the 
mixer  to  give  an  air  content  of  approxi- 
mately 4  percent  in  the  plastic  concrete. 

Conclusions 

The  following  conclusions  appear  war- 
ranted from   the   data : 

1.  In  only  two  of  the  seventeen  combi- 
nations was  there  evidence  of  a  probable 
alkali-aggregate  reaction.  These  were  the 
combinations  involving  the  two  relatively 
high-alkali  cements  which  were  used  with 
the  sand  and  gravel  from  Rock  Island, 
Wash.  This  tendency  was  noted  in  the 
case  of  both  the  non-air-entrained  and  the 
air-entrained   concrete. 

2.  Non-air-entrained  concrete  contain- 
ing the  sand  from  Mt.  Hebron,  Calif.,  in 
combination  with  the  crushed  stone  from 
Klamath  Falls,  Oreg.,  developed  very  poor 
resistance  to  the  action  of  alternate  freez- 
ing and  thawing  with  all  three  of  the  ce- 
ments used  with  these  aggregates.  How- 
ever, no  tests  were  made  to  determine  the 
contributing  factor  of  either  aggregate, 
when  used  separately,  to  the  poor  resis- 
tance of  the  combination. 
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Table    1. — Properties   of    the   cements 


Cement 


Physical  properties: 

Apparent  specific  gravity.    

Specific  surface rm.1  per  gm. 

Autoclave  expansion  percent 

Normal  consistency    .  percent 

Time  of  set: 

Initial . . hr:  inin. 

Final__  hr:  min. 

Tensile  strength: 

At  3  days lb.  per  sq.  in. 

At  7  days-  -  lb.  per  sq.  in. 

At  28  days-    .__  lb.  per  sq.  in. 

Sugar  test : 

Neutral  point  ml. 

Clear  point-  -    _  ml. 

Air  in  mortar  '      percent. 

Chemical  analyses  (percent 

Silica  (SiOa) 

Alumina  (AhOa) 

Ferric  oxide  (Fe20j) 

Calcium  oxide  (CaOj  - 
Magnesia  (Mgl  '  I 
Sulfuric  anhydride  (SOjJ . 

Sodium  oxide  (Na20) 

Potassium  oxide  (KaO)-. 

Loss  on  ignition 

Chloroform  soluble  material :  -  _    . 

NaiO  equivalent 

Computed  compound  composition  (percent):  3 

Tricalcium  silicate  (C3SJ 

Dicalcium  silicate  (C2S) 

Tricalcium  aluminate  (CsA) 

Tetracalcium  alumino-ferrite  (O1AF1 

Calcium  sulfate  ((  "hS(  >0 


3.17 
1,810 
0.03 
24.5 

4:30 
6:00 


280 
365 
445 

4. 
4. 
4. 


20.90 
4.33 
5.12 

64.45 
2.25 
1.65 
0.35 
0.17 
0.90 
0.U05 
0.46 


61 
14 

3 
16 

3 


3.13 
1,810 
0.04 

2  1  . 5 

4:10 
6:00 


275 
365 

450 

28. 

38. 

4. 


21.25 
5.30 
3.60 

63.70 
1.76 
1  .66 
0.20 
0.47 
2.04 
0.013 
0.51 


52 
21 


1  1 
3 


3.11 
1 ,  760 
0 

24.5 

3 :00 
5 :45 

270 
310 
430 

43.3 

60.1 

4.6 


22.30 
4.38 
3 .  52 

65.30 
0.91 
1.73 
0.08 
0.15 
1.62 
0.006 
0.18 


57 

'J  1 
6 

1  i 
3 


3.14 
,880 
0.01 
25.5 

5:10 
8:15 

280 
355 
485 

2.8 
2.8 
2.5 


22.60 
4.30 

4.40 
64.05 
1.25 
1.68 
0.31 
0.19 
1.17 
0.015 
0.44 


49 
28 

4 
13 

3 


3.12 
1,840 
0.21 
25.0 

3:45 
6:15 

•280 

375 
435 

3.9 
4.0 
7.6 


2i.7r, 
4.79 
2 .  96 

63.20 
2.48 
1.84 
0.05 
0.93 
2.11 
0.004 
0.66 


50 

25 
8 
9 
3 


1  A.S.T.M.  method  C   185-44T 

3  The  compound  compositions  given   are   in 


1  A.S.T.M. 
"shorthand"   form. 


method   C   114-42. 


and  the  Potomac  River  sand  and  gravel. 
Under  these  conditions  (180  days  of  cur- 
ing), air  entrainment  did  not  appreciably 
improve  the  resistance  of  combinations  con- 
taining- the  other  aggregates.  In  general, 
improvement  due  to  air  entrainment  was 
much  less  marked  after  180  days  of  curing 
than  after  28  days. 

In  general,  the  tests  indicated  that  the 
durability  of  air-entrained  concrete  may 
be  adversely  affected  by  conditions  which 
involve  long-continued  exposure  to  moisture. 
The  results  of  freezing  and  thawing  tests 
made  after  28  days  of  curing  in  moist  air 
may  not  be  sufficient  to  evaluate  properly 
the  durability  of  concrete  containing  cer- 
tain cement-aggregate  combinations. 

Sources  of  Materials 

Five  portland  cements  were  used  in  this 
investigation,  three  from  the  West  Coast 
and  two  from  the  Southeast.  One  of  the 
southeastern  cements  was  selected  for  its 
low  total  alkali  content,  the  other  because 
it  contained  a  relatively  high  percentage  of 
alkali,  mostly  potash.  The  physical  prop- 
erties, chemical  analyses,  and  computed 
compound  compositions  are  given  in  table 
1.     All  cements  complied  with  the  standard 


3.  Both  non-air-entrained  and  air-en- 
trained concrete  containing  the  sand  and 
gravel  from  Umatilla,  Oreg.,  and  the  sand 
and  gravel  from  the  Willamette  River, 
Oreg.,  had  good  resistance  to  alternate 
freezing  and  thawing  with  the  same  three 
cements  as  were  used  with  the  Mt.  Hebron- 
Klamath  Falls  aggregate  combination. 

4.  Non-air-entrained  concrete  made  with 
Potomac  River  sand  and  gravel  had  very 
poor  resistance  to  freezing  and  thawing 
with  all  five  cements,  but  there  was  no  ap- 
parent indication  of  an  alkali-aggregate 
reaction. 

5.  In  the  case  of  the  non-air-entrained 
concrete,  increasing  the  time  of  initial 
curing  improved  resistance  to  freezing  and 
thawing  for  all  combinations  except  that 
involving  the  Rock  Island  aggregates  and 
the  cement  with  the  highest  alkali  con- 
tent. In  the  case  of  the  air-entrained  con- 
crete, increasing  the  curing  time  did  not 
in  general  increase  resistance  to  alternate 
freezing  and  thawing  and  in  many  cases 
the  additional  curing  was  harmful.  How- 
ever, in  only  one  case  (the  Rock  Island  ag- 
gregate with  cement  5)  was  the  resistance 
of  air-entrained  concrete,  cured  for  180 
days,  less  than  that  of  the  comparable  non- 
air-entrained   concrete   cured   for   28   days. 

6.  In  all  cases,  for  concrete  cured  28 
days,  the  use  of  an  air-entraining  agent 
was  beneficial  in  producing  concrete  with 
greater  resistance  to  freezing  and  thaw- 
ing than  was  developed  by  the  corresponding 
concrete  without  air  entrainment.  For  con- 
crete cured  180  days,  air  entrainment  was 
definitely  beneficial  only  in  the  case  of  com- 
binations involving  the  Mt.  Hebron  sand 
with   the   Klamath   Falls   coarse   aggregate 


Table   2. — Properties   of   the  fine   aggregates 


Grading:  percentage  passing — 

No.  4  sieve 

No.  8  sieve 

No.  16  sieve 

No.  30  sieve 

No.  50  sieve 

No.  100  sieve 

No.  200  sieve 

Fineness  modulus  -  - 

Bulk  specific  gravity: 

Dry 

Saturated  surface-dry 

24-hour  absorption percent 

Sodium  sulfate  test:  loss  at  5  cycles 

percent 

Compressive  strength  ratio :  ' 

At  7  days 

At  28  days 

Tensile  strength  ratio :  l 

At  7  days 

At  28  days 


Mt.  Hebron, 
Calif. 


96 
77 
60 
47 
30 
10 
3. 


80 


2.42 
2.51 
3.9 

10.5 


1.18 


.97 
.88 


Umatilla 
Oreg. 


95 
86 
79 
50 
10 

2 

0  8 

2.78 


5.2 


1.04 
1.09 


Willamette 

River, 
Oreg. 


91 
71 
59 
42 
14 

2 

0.6 

3.21 


2.51 
2.58 
2.9 

6.5 


.87 
1.01 


1.09 
1   04 


Potomac 

River, 

Md. 


98 
85 
71 
49 
18 

4 

1.8 

2.75 


2.59 
2.63 
1.6 


1.13 
1  .16 


1.17 
1.14 


Rock- 
Island, 
Wash. 


A.A.S.H.O.   T    35-35. 


Table    3. — Properties    of    the    coarse    aggregates 


Grading:  percentage  passing — 

1-inchsieve 

94 -inch  sieve 

V^-inch  sieve 

54-inch  sieve 

No.  4  sieve 

Fineness  modulus 

Bulk  specific  gravity: 

Dry 

Saturated  surface-dry 

24-hour  absorption percent 

Sodium  sulfate  test:  loss  at  5  cycles 

percent 

Los  Angeles  abrasion  loss  l percent 

Weight  per  cu.  ft.,  dry  rodded lb. 


Klamath 
Falls, 
Oreg.. 

crushed 
basalt 


Umatilla. 
Oreg.. 
gravel 


Willamette 
River, 
Oreg., 

gravel 


100 
94 
50 

28 
0 


6.78 


2.71 
2.75 
1.3 


100 
64 

28 

11 

1 


7.25 


2.72 
2.74 
0.9 

1.3 
14.6 
104 


100 

83 

44 

13 

0 


7.04 


2.58 


2 
2 

S. 

16. 

105 


Potomac- 
River, 
Md., 
gravel 


100 
75 
40 
20 
0 


7.05 


2.56 
2.59 
1.1 


0.9 
30.3 
107 


84 
67 
41 
10 

2 

0.6 


2.63 
2.66 
1.0 

4.1 


9.8 
9.7 


1.18 
1.21 


Rock 
Island, 
Wash., 
gravel 


100 

6!) 

42 

10 

0 


7.21 


2.68 
2.69 
0.7 

1.8 
14.6 

111 


Grading  B. 
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Table  4. — Expansion  of  1 :2  mortar  bars,  arranged  in  ascending  order  of  values  of 

alkali  content  of  cements 


Aggregates 


Mt.  Hebron  sand 

Klamath  Falls  basalt... 

Umatilla  gravel. 

Umatilla  sand 

Willamette  River  gravel 
Willamette  River  sand-. 

Rock  Island  gravel . 

Rock  Island  sand 

Potomac  River  gravel.. 
Potomac  River  sand 


Expansion  of  mortar  bars  (in  percent)  after- 


Moist  storage  at  120°  F.  for  3  years, 
using  cement —  ' 


3 

4 

(0.18) 

(0.44) 

-0.01 

.02 

.01 

.01 

-.01 

-  .01 

.02 

0.08 

.00 

.05 

.01 

.02 

.01 

.02 

1 

(0 .  40) 


0.01 
.13 
.04 
.02 
.04 
.02 


.02 
.03 


2 

10.51) 


5 
(0.66) 


0.12 
.08 
.05 
.06 


Moist  storage  at  120°  F.  for  12  weeks. 

using  cement —  • 

(1  percent 3  NaOH  added) 


3 

(0. 18) 


).01 
.04 
.03 
.02 
.00 
.04 
.04 
.03 
.03 
.02 


4 
(0.44) 


0.09 
.19 
.05 
.05 


1 
(0.46) 


0.03 
.17 
.09 
.07 
.06 
.16 


).04 
.13 
.10 

.08 
.12 
.12 


5 

(0.66) 


0.10 
.18 
.09 
.09 


1  Alkali  content,   indicated  in   parentheses  under  the  cement   numbers 

2  By  weight  of  cement. 


percentage  NasO 


0.658   K:0. 


Table    5. — Cement-aggregate    combinations 


Aggregate 

combination 

No. 

Cements 

Fine  aggregate  sourc  • 

"I 
Coarse  aggregate  source 

I 

II 
III 
IV 

V 

1.  2,  3 
1,  2,  3 

1,  2,  3 
1,  2.  3,  4,  5 

3,  4,  5 

Mt   Hebron    Calif.                   

Klamath  Falls.  Oreg. 
Umatilla.  Oreg. 
Willamette  River,  Oreg. 
Potomac  River,  Md. 
Rock  Island,  Wash. 

Umatilla.  Oreg.        .    - 

Rock  Island,  Wash .          

Rock  Island  gravel.  —  Rounded  granite, 
syenite,   rhyolite,  and  basalt. 

Rock  Island  sand.  —  Angular  and  sub- 
angular  granite,  rhyolite,  felsite,  and  ba- 
salt, with  some  feldspar  and  quartz. 

Potomac  River  gravel. — Rounded  quartz, 
quartzite,  chert,  and  sandstone,  with  some 
granite,  gneiss,  and  schist. 

Potomac  River  sand. — Subangular  quartz, 
quartzite,  and  chert,  with  some  sandstone, 
schist,  granite,  and  magnetite. 

Mortar-Bar   Tests 

The  results  of  expansion  tests  of  1:2 
mortar  bars  are  given  in  table  4.  In  mak- 
ing the  mortar  bars,  the  coarse  aggregates 
were  crushed  so  that  100  percent  passed 
the  No.  4  sieve  and  90  percent  passed  the 
No.  8  sieve.  Only  those  particles  of  the 
sands  passing  the  No.  4  sieve  were  used 
in  the  test.  The  coarse  aggregates  and  the 
sands  were  each  tested  separately.  Suffi- 
cient water  was  used  with  the  1:2  mortar 
to  give  a  plastic  consistency.  The  speci- 
mens were  1-  by  1-  by  11%-inches  in  size. 

One  group  of  specimens  was  prepared 
with  plain  mortar,  and  a  second  group  with 


specifications  for  type  I  portland  cement 
of  the  American  Society  for  Testing  Ma- 
terials. In  addition,  cements  4  and  5  also 
met  the  requirements  of  type  II  cements. 
Cements  1,  2,  and  3,  while  complying  with 
type  II  requirements  with  respect  to  the 
percentage  of  tricalcium  aluminate,  cannot 
be  classified  as  type  II  because,  in  each 
case,  the  amount  of  tricalcium  silicate  ex- 
ceeded 50  percent. 

Five  fine  aggregates  and  five  coarse  ag- 
gregates were  used.  Four  of  each  were 
from  the  Washington-Oregon  area,  and  Po- 
tomac River  sand  and  gravel  were  used  as 
a  basis  of  comparison.  The  sources  as  well 
as  the  gradings  and  other  physical  proper- 
ties of  the  fine  and  coarse  aggregates  are 
given  in  tables  2  and  3  respectively.  Noth- 
ing unusual  in  the  properties  of  the  aggre- 
gates is  apparent  from  a  study  of  the 
values  in  these  tables,  except  that  the  sand 
from  Mt.  Hebron,  Calif.,  appeared  to  be 
of  relatively  poor  structural  quality,  as  re- 
vealed by  the  comparatively  high  sodium 
sulfate  soundness  loss  and  the  low  tensile 
strength  of  the  mortar. 

The  petrographic  composition  of  the  fine 
and  coarse  aggregates  is  as  follows: 

Mt.  Hebron  sand.  —  Rounded  rhyolite, 
basalt,  andesite,  and  felsite  with  quartz 
and  magnetite. 

Klamath  Falls   basalt. — Olivine  basalt. 

Umatilla  gravel. — Angular  and  subangu- 
lar granite,  basalt,  rhyolite,  quartz,  and 
quartzite. 

Umatilla  sand. — Angular  and  subangular 
basalt,  rhyolite,  and  felsite,  with  some  gran- 
ite, quartz,   and  limestone. 

Willamette  River  gravel.  —  Rounded 
basalt,   andesite,   rhyolite,   and    felsite. 

Williamettc  River  sand.  —  Angular  and 
subangular  rhyolite  and  felsite,  with  some 
basalt,   granite,   and   quartz. 


Table  6. — Summary  of  mix 

data  for  non-air-entrain 

ed  concrete1 

Aggregate 
combination 
and  cement 

Proportions 
of  mix,  by 
oven-dry 

weight 

Cement 
content 

Net  water 
content. 

Slump 

Weight 
of  fresh 
concrete 

Calculated 
air  content 

Pounds 

Sack*  per  cu.  yd. 

Gal.    <■:      i  t 

Inches 

Lb.  per  cu.  ft. 

Percent 

1-1 

94:212:241 

6.4 

6.4 

3.2 

145.7 

1.0 

1-2 

94:212:241 

6.4 

6.4 

2.9 

145.4 

1.1 

1-3 

94:212:241 

6.4 

6.4 

3.3 

145.3 

1.0 

II-l 

94:188:300 

6.5 

5.4 

3.2 

152.9 

1.3 

II-2 

94:188:300 

6.5 

5.4 

2.9 

152.4 

1.3 

II-3 

94:188:300 

6.5 

5.4 

2.8 

152.5 

1.4 

III    1 

94:198:272 

6.5 

5.4 

3.0 

148.4 

0.7 

III-2 

94:198:272 

6.4 

5.3 

3.0 

148.1 

0.9 

III-3 

94:198:272 

6 . 4 

5.4 

3.0 

148.1 

0.6 

IV-1 

94:192:278 

6.4 

5 . 5 

3.1 

146.9 

1.1 

IV-2 

94:192:278 

6.4 

"    B 

3.0 

146.5 

1.2 

IV-3 

94:192:278 

1     4 

5    - 

2.9 

146.3 

1.2 

IV    1 

94:192:278 

6.4 

5.6 

2.8 

146.8 

1.1 

IV-5 

94:192:278 

6.4 

5.5 

3.2 

146.7 

1.2 

V-3 

94:215:264 

6.5 

5.3 

2.8 

149.3 

2.0 

V-4 

94:215:264 

6.5 

5.3 

3.0 

150.0 

1.4 

V-5 

94:215:264 

6.5 

5.3 

3.3 

149.5 

1.8 

Each   value   is  average  of  three  test-. 

Table    7. — Summary    of    mix    data    for   air-entrained   concrete* 


Aggregate 
combination 
and  cement 

Proportions 

of  mix.  by 

oven-dry 

weight 

Vinsol-resin 

added  : 

Cement 
content 

Net  water 

content 

Slump 

Weight 
of  fresh 
concrete 

Calculated 
air  content 

Sacti 

Pounds 

Percent 

cu.  yd. 

Gal.  \>e    sack 

Inches 

Lb.  per  cu.  ft. 

Percent 

1-1 

94:198:241 

0 . 0087 

6.5 

6  ii 

2. 'J 

142.1 

3.9 

1-2 

94:198:241 

.  O095 

6.4 

6    1 

3.0 

141.3 

4.3 

1-3 

94:198:241 

.0112 

6.4 

6.0 

3.0 

141.5 

4.1 

II-l 

94:173:300 

.0078 

• 

5.0 

2.8 

149 . 1 

4.3 

II   2 

94:173:300 

.0085 

6   -, 

5.1 

3.0 

148.2 

4.6 

1 1-3 

94:173:300 

.0103 

6.5 

5  : 

3.0 

148.6 

4.3 

III-l 

94:184:272 

.0080 

1 

5  'i 

3.2 

145.3 

3.3 

III   2 

94:184:272 

.0092 

6.5 

5   » 

2.8 

144.7 

3.6 

1 1 1-3 

94:184:272 

.0105 

6.4 

5.0 

3.0 

144.1 

3.9 

IV-1 

94:178:278 

.0072 

6  . 5 

5.2 

3.0 

143.3 

4.1 

IV-2 

94:178:278 

.0075 

6  l 

5.2 

3.0 

142.5 

4.4 

IV-3 

94:178:278 

.  0098 

6.4 

3.1 

142.6 

4.3 

IV-4 

94:178:278 

.0097 

6.4 

5.3 

3.1 

143.1 

4.0 

IV-5 

94:178:278 

.0075 

6.5 

,Vil 

3.2 

143.3 

4.3 

V-3 

94  :201 :264 

.0102 

6   5 

5  0 

3.2 

145.5 

4.8 

V-4 

94:201:264 

.0098 

6.5 

5   'i 

3.2 

I  Mi  :; 

4.4 

V-5 

94  201:264 

.0072 

6 

4.8 

3.2 

145.5 

5.2 

Each  value  is  average  of  three  tests. 
'■  Percentage  by   weight  of  cement,   added  as  a   sodium   hydroxide   solution. 
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mortar  to  which  was  added  1  percent  of 
sodium  hydroxide,  by  weight  of  cement. 
The  addition  of  sodium  hydroxide  was  for 
the  purpose  of  accelerating  the  action  and 
is  rather  common  practice  in  work  of  this 
type.  The  first  group  was  stored  at  120° 
F.  for  3  years,  and  the  second  group  at  120c 
F.  for  12  weeks.  For  each  aggregate  the 
expansion  data  are  arranged  in  order  of 
ascending  values  of  alkali  of  the  cements, 
expressed  as  sodium  oxide. 

None  of  the  plain  mortar  bars  developed 
expansions  which  would  be  indicative  of  a 
definite  alkali-aggregate  reaction.  How- 
ever, the  specimens  containing  the  Klamath 
Falls  basalt  with  cements  1  and  2  and 
those  containing  the  aggregates  from  Rock 
Island  with  cements  4  and  5  developed 
somewhat  higher  expansions  at  3  years  than 
did  any  of  the  others.  The  same  general 
trends  were  indicated  also  in  the  case  of 
the  specimens  containing  1  percent  added 
sodium  hydroxide  and  stored  12  weeks. 
The  results  of  these  tests  would  classify 
the  Klamath  Falls  basalt  and  the  Rock 
Island  materials  as  mildly  alkali  reactive. 
However,  as  will  be  seen  later,  freezing 
and  thawing  tests  on  the  concrete  would 
indicate  that  the  rapid  failure  of  the  con- 
crete containing  the  basalt  was  due  pri- 
marily to  some   other   factor. 

Test  Procedures 

The  materials  used  in  each  of  the  17 
cement-aggregate  combinations  are  shown 
in  table  5.  The  Potomac  River  sand  and 
gravel  were  the  only  aggregates  used  with 
all  five  cements.  In  general,  each  coarse 
aggregate  was  tested  with  the  fine  aggre- 
gate from  the  same  general  locality.  As 
previously  stated,  the  combinations  involv- 
ing Oregon  and  Washington  materials  were 
selected  on  the  basis  of  recommendations 
by  G.  S.  Paxson,  Bridge  Engineer  of  Oregon, 
and  Bailey  Tremper,  Materials  Engineer 
of  Washington,  respectively;  the  other  com- 
binations were  for  purposes  of  comparison. 

Summaries  of  the  concrete  mix  data  for 
all  combinations  are  given  in  tables  6  and 
7.  The  nominal  cement  content  was  6.5 
sacks  per  cubic  yard,  and  a  slump  of  ap- 
proximately 3  inches  was  obtained.  The 
water  content  varied  from  a  low  of  4.8 
gallons  per  sack  of  cement  in  the  case  of 
the  air-entrained  mixes  containing  Rock- 
Island  sand  and  gravel  to  6.4  gallons  for 
the  three  non-air-entrained  mixes  contain- 
ing the  crushed  stone  from  Klamath  Falls. 

Two  initial  moist  air  curing  periods  at 
70°  F.,  of  28  and  180  days,  were  employed 
prior  to  starting  the  freezing  and  thawing 
tests.  In  the  case  of  the  28-day  curing 
period,  the  freezing  tests  were  discontinued 
after  120  cycles.  In  the  case  of  the  180- 
day  curing  period,  they  were  continued 
through  270  cycles.  All  control  specimens 
for  strength  determinations  were  stored 
continuously  moist  until  tested  at  the  same 
age  as  the  companion  specimens  which  were 
subjected  to  freezing  and  thawing. 

Specimens  for  the  freezing  and  thawing 
tests  were  3-  by  4-  by  16-inch  beams.     They 


Table  8. — Decrease  in  resistance  of  concrete  to  freezing  and  thawing,  after  initial 
moist  curing  of  28  days,  as   measured  by  decrease  in   IN" 


Aggregate 
ci  mbination 
and  cement 


Percentage  decrease  in  N !  after  —  cycles  of  freezing  and  thawing 


32 


40 


48 


56 


64 


72 


NO 


96 


104 


112 


120 


Dura- 
bility 
factor2 


Non-Air-Entrain  En  Concrete 


1-1 
1-2 
1-3 

11-1 
11-2 
II-3 

III-l 
III-2 

111  3 

IV-1 
IV-2 
IV-3 
IV-4 
IV-5 

V-3 
V-4 
V-5 


10 
22 
25 

6 

22 
41 
38 

6 

42 
451 
H5 

7 

8 

9 

9 

9 

10 

12 

14 

15 

16 

16 

13 

14 

6 

6 

7 

9 

12 

14 

14 

14 

16 

18 

20 

21 

22 

20 

20 

5 

6 

6 

9 

10 

12 

15 

16 

20 

24 

26 

26 

29 

31 

39 

4 

3 

3 

5 

5 

5 

6 

7 

9 

0 

9 

11 

12 

9 

9 

4 

4 

6 

8 

9 

9 

12 

12 

15 

16 

16 

18 

20 

17 

18 

4 

4 

6 

8 

12 

15 

21 

23 

25 

27 

29 

31 

32 

33 

33 

9 
11 
14 
14 
10 

5 

12 
14 
23 
27 
12 

5 

16 
18 
30 
?40 

14 

4 

25 
26 
646 

32 

31 

37 
36 

MO 
M0 

18 
5 

21 
5 

5 

30 
5 

34 
5 

41 

9 

9 

13 

17 

14 

14 

6 

C 

i 

8 

9 

11 

12 

13 

20 

22 

24 

27 

32 

33 

33 

8 

8 

8 

9 

8 

9 

9 

10 

11 

12 

13 

13 

15 

14 

15 

86 
80 

61 

91 

N_> 

07 

26 
26 

11 
12 
35 

NO 

67 
86 


Air-Entrain f.d  Concrete 


1-1 
1-2 
1-3 

II-l 
112 
II-3 

III-l 
III-2 
III  3 

IV-1 
IV-2 
IV-3 
IV-4 
IV-5 

V-3 
V-4 
V-5 


3 

3 

4 

9 

10 

12 

12 

13 

17 

17 

16 

17 

17 

16 

14 

2 

5 

6 

10 

15 

20 

23 

27 

30 

31 

32 

43 

44 

11 

44 

1 

1 

2 

2 

4 

6 

8 

9 

12 

12 

10 

13 

11 

11 

9 

2 

3 

3 

3 

3 

4 

4 

5 

7 

6 

6 

5 

5 

4 

2 

2 

4 

5 

4 

4 

0 

6 

o 

9 

10 

12 

11 

10 

9 

7 

2 

2 

3 

2 

2 

4 

6 

4 

6 

6 

6 

8 

5 

5 

4 

0 

1 

3 

0 

1 

2 

2 

3 

3 

2 

3 

3 

3 

2 

+  1 

1 

2 

3 

■) 

3 

3 

4 

6 

7 

7 

7 

7 

t 

7 

6 

0 

0 

0 

+  1 

+  1 

0 

+  1 

0 

0 

0 

+  1 

1 

+  1 

+  1 

3 

5 

5 

6 

4 

5 

6 

5 

6 

6 

6 

5 

6 

6 

3 

4 

0 

5 

6 

.", 

7 

8 

8 

11 

11 

12 

12 

14 

13 

11 

10 

4 

5 

4 

3 

2 

4 

3 

5 

6 

7 

6 

8 

6 

6 

3 

4 

4 

5 

4 

0 

5 

5 

6 

7 

7 

i 

7 

7 

5 

4 

5 

5 

5 

4 

3 

6 

4 

o 

7 

7 

5 

5 

5 

4 

2 

3 

3 

2 

1 

0 

2 

1 

2 

■ 

2 

2 

1 

1 

2 

1 

3 

3 

3 

3 

3 

3 

3 

5 

5 

6 

5 

4 

4 

3 

1 

4 

5 

.) 

4 

3 

4 

4 

6 

5 

6 

4 

4 

4 

2 

1 

NO 

47 
91 

98 
93 


100 
94 
97 

96 
90 
97 

96 
98 

99 
99 
99 


3  Each  value  is  the  average  of  tests  on  three  beams  except  for  II-2  in  the  non-air-entrained  group,  and 
1-3  and  II-3  in  the  air-entrained  group,  for  which  two  beams  were  tested,  and  III-l  in  the  air-entrained 
group,   for  which  one  beam  was  tested. 

-  Method  of  determination  similar  to  that  described  in  Tests  for  Air-Entraining-  Admixtures  for  Concrete 
A.S.T.M.  designation   C   233-49T. 

3  Final    reading   at   29   cycle?.  4  Final  reading  at  21   cycles.  6  Final   reading  at   53  cycles 

,;  Final    reading   at   32   cycles.  T  Final    reading   at   24   cycles.  *  Final    reading   at   75   cycles. 


were  frozen  in  water  at  approximately  0° 
F.,  followed  by  thawing  in  water  at  70°  F., 
using  a  24-hour  cycle.  Stainless  steel  gage 
points  were  set  in  the  ends  of  the  specimens 
during  molding  so  that  measurements  of 
length  change  could  be  made  at  periodic 
intervals. 

Deterioration  of  the  specimens  was  meas- 
ured by  the  sonic  test.2  When  the  average 
of  the  three  specimens  showed  a  drop  in 
sonic  modulus  of  elasticity  of  approximately 
40  percent,  they  were  tested  in  flexure  and 
one  of  each  of  the  broken  halves  was  tested 
in  compression  as  a  modified  cube.  At  the 
same  time  the  corresponding  control  speci- 
mens were  tested  in  flexure  and  one  of  each 
of  the  broken  halves  was  tested  as  a  modi- 
fied cube. 

In  the  sonic  test,  changes  in  the  elastic 
properties  of  the  specimen  are  determined 
by  measuring  the  change  in  its  natural  fre- 
quency of  vibration.  Assuming  that  the 
weights  and  dimensions  of  the  specimens  do 
not  change  during  the  test,  the  decrease 
in  the   square   of  this  value,   expressed  as 


N2,  may  be  used  in  place  of  the  computed 
modulus  of  elasticity  to  indicate  deteriora- 
tion. This  common  practice  is  followed  in 
this  report.  The  values  for  percentage  re- 
duction in  N  ~  are  shown  in  tables  8  and  9. 

As  a  convenience  in  studying  relative 
durability  as  measured  by  the  freezing  and 
thawing  test,  Walker  in  1944  proposed  the 
use  of  a  single  value  called  for  convenience 
the  "durability  factor."3  This  value  is  a 
function  of  the  area  under  the  curve  which 
results  when  the  dynamic  modulus  of  elas- 
ticity N2,  expressed  as  a  percentage  of  the 
value  at  zero  cycles,  is  plotted  in  relation 
to  the  number  of  cycles.  Wuerpel  '  has 
suggested  a  modification  of  Walker's  for- 
mula based  on  the  assumption  that  this 
curve  is  a  straight  line  and  that  the  degree 
of  deterioration  at  a  given  end  point  of 
time  or  cycles  is  a  more  important  factor 
than  the  shape  of  the  curve. 

The  modification  proposed  by  Wuerpel 
has  been  adopted  by  the  American  Society 


^Application  of  sonic  method  to  freezing  and  thawing 
studies  of  concrete,  by  F.  B.  Hornibrook.  American 
Society  for  Testing  Materials,  Bulletin  No.  101,  De- 
cember 1939,  p.  5. 


zFreezing  and  thawing  tests  of  concrete  made  with 
different  aggregates,  by  Stanton  Walker.  Journal  of 
the  American  Concrete  Institute,  June  1944,  p.  573. 

discussion  by  C.  E.  Wuerpel  of  Walker's  paper 
(see  footnote  3).  Journal  of  the  American  Concrete 
Institute,    November   1944,    p.    580. 
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Table  9. — Decrease  in  resistance  of  concrete  to  freezing  and  thawing,  after  initial 
moist   curing  of  180  days,  as  measured   by  decrease   in   N1 


Durability 

Aggregate 
combination 

Percentage  decrease 

in  A'-  after — cycle? 

of  freezing  and  thawing' 

[actor2 

and  cement 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

250 

270 

At  120 

cycles 

At  270 
cycles 

Non-Air-Entrained 

Concrete 

1-1 

4 

8 

9 

10 

15 

19 

26 

31 

37 

40 

81 

43 

1-2 

1 

7 

s 

12 

26 

28 

34 

35 

39 

•40 

72 

43 

1-3 

4 

13 

15 

19 

24 

27 

30 

34 

35 

35 

37 

37 

I  1 

73 

"a 

II-l 

1 

4 

■") 

6 

6 

6 

7 

5 

6 

6 

5 

6 

7 

94 

93 

1 1-2 

I 

6 

4 

6 

6 

6 

6 

8 

6 

7 

6 

5 

7 

7 

94 

93 

1 1-3 

4 

."> 

4 

5 

5 

5 

6 

6 

G 

5 

:. 

4 

5 

5 

95 

95 

III-l 

3 

5 

4 

4 

6 

5 

6 

7 

6 

8 

7 

6 

7 

8 

95 

92 

III-2 

2 

6 

4 

4 

6 

6 

6 

8 

6 

6 

8 

7 

8 

8 

94 

92 

III-3 

2 

5 

4 

4 

6 

6 

6 

7 

7 

8 

7 

7 

7 

8 

94 

92 

IV-1 
IV-2 

IV-3 
IV-4 
IV-5 

12 
14 
16 
16 
10 

18 
20 
21 
20 
12 

21 

20 

24 
24 
12 

27 
21 
29 
28 
14 

34 
25 
33 
32 
16 

»42 

26 
35 
38 
19 

58 
74 
65 
62 
81 

26 
43 
33 
29 
57 

32 
»40 
?40 
23 

35 

36 

340 

28 

28 

32 

37 

39 

<40 

V-3 

4 

6 

4 

5 

6 

5 

6 

6 

5 

9 

10 

8 

9 

12 

95 

88 

V-4 

8 

10 

10 

13 

15 

18 

20 

24 

26 

27 

28 

29 

30 

35 

82 

65 

V-S 

9 

12 

12 

14 

18 

20 

24 

26 

30 

32 

*40 

80 

49 

Air-Entrained  Concrete 

1-1 

4 

4 

5 

fi 

8 

6 

8 

8 

6 

6 

20 

19 

16 

22 

94 

78 

r-2 

6 

7 

8 

9 

12 

12 

13 

14 

12 

12 

12 

14 

13 

16 

88 

84 

1-3 

6 

5 

6 

5 

7 

7 

7 

8 

6 

7 

6 

9 

7 

10 

93 

90 

II-l 

5 

5 

8 

8 

9 

8 

8 

9 

10 

10 

9 

12 

10 

13 

92 

87 

II-2 

6 

6 

8 

9 

11 

10 

10 

11 

11 

17 

18 

20 

18 

29 

90 

71 

II-3 

6 

5 

6 

5 

7 

5 

6 

6 

6 

5 

6 

8 

6 

8 

95 

92 

III-l 

4 

4 

4 

4 

6 

6 

6 

7 

s 

8 

6 

8 

8 

11 

94 

89 

1 1 1-2 

4 

4 

4 

3 

5 

3 

4 

5 

5 

3 

10 

14 

14 

19 

97 

81 

III-3 

4 

3 

4 

1 

6 

4 

6 

7 

4 

5 

5 

7 

6 

8 

96 

92 

IV-1 

10 

11 

11 

11 

12 

12 

14 

13 

14 

13 

14 

16 

16 

22 

88 

78 

IV-2 

12 

13 

12 

13 

12 

12 

14 

13 

12 

11 

13 

14 

13 

17 

88 

83 

IV-3 

8 

8 

8 

9 

10 

9 

9 

8 

8 

7 

8 

10 

9 

13 

91 

87 

IV-4 

11 

10 

10 

10 

12 

14 

14 

15 

14 

14 

14 

16 

15 

20 

86 

80 

IV-5 

10 

10 

10 

9 

10 

11 

10 

12 

11 

10 

10 

13 

12 

16 

89 

84 

V-3 

6 

7 

i; 

5 

8 

7 

8 

7 

7 

6 

6 

8 

8 

9 

93 

91 

V-4 

9 

10 

8 

12 

14 

14 

16 

15 

16 

15 

16 

20 

19 

23 

86 

77 

V-S 

9 

10 

19 

18 

21 

21 

20 

23 

!0 

22 

25 

27 

27 

30 

79 

70 

1  Each   value  is   the  average  of  tests  on  three  beams   except   for  1-1   and   II-l   in   the  air-entrained   group, 
for  which  two  beams  were  tested. 

2  Method  of  determination  similar  to  that  described  in  Tests  for  Air-Entraining  Admixtures  for  Concrete. 
A.S.T.M.  designation  C   233-49T. 

3  Final  reading  at  192  cycles.  4  Final   reading  at  25fi  cycles.  s  Final   reading  at   123   cycles. 
8  Final   reading  at  147  cycle-.               '  Final   reading  at   131   cycles.  s  Final   reading   at   220   cycles. 


DF-- 


for  Testing  Materials.0  The  durability 
factors  employed  in  this  paper  and  used 
in  plotting  figures  1-5  were  computed  from 
the  formula  given  below,  which  is  similar 
to  that  given  in  the  A.S.T.M.  publication 
referred  to  (the  only  difference  is  in  the 
selection  of  60  percent  of  the  relative  dy- 
namic E  as  the  end  point  for  the  freezing 
and  thawing  test)  : 

PN 
'"M 
where  : 

DF-  durability  factor  of  the  concrete. 

P=relative  dynamic  modulus  of  elas- 
ticity N2  in  percentage  of  the  dynamic 
modulus  of  elasticity  at  zero  cycles  (values 
of  P  will  be  60  or  greater). 

M=number  of  cycles  at  which  dura- 
bility factor  is  calculated. 

2V=number  of  cycles  at  which  P  equals 
60  percent:  If  P  has  not  reached  60  percent 
at  the  number  of  cycles  M  at  which  the 
durability  factor  is  calculated,  then  N=M 
and  DF=P. 

For  the  purpose  of  this  discussion  it  is 
assumed  that  a  durability  factor  DF  of  75 


"American  Societv  for  Testing  Materials.  Designation 
C  233-49T,  Book  of  A.S.T.M.  Standards.  Part  3,  1949. 
pace  821. 


represents  the  line  of  demarcation  between 
durable  and  nondurable  concrete.  The 
durability  factors  for  the  various  aggregate 
combinations  and  cements  are  shown  in  bar 
diagram  form  in  figures  1-5.  In  each  case, 
values  are  shown  for  both  the  now-air-en- 
trained and  the  air-entrained  concrete  at 
the  end  of  120  cycles  for  specimens  cured 
28  days  and  at  the  end  of  120  and  270 
cycles  for  specimens  cured  180  days. 

Effects  of  Freezing  and  Thaiving 

Values  for  aggregate  combinations  I,  the 
Mt.  Hebron  sand  and  Klamath  Falls  coarse 
aggregate,  with  cements  1,  2,  and  3  are 
shown  in  figure  1.  It  will  be  noted  that 
with  all  three  cements,  the  non-air-entrained 
concrete  containing  this  combination  had 
very  low  resistance  to  freezing  and  thawing 
after  28  days  of  curing.  Continuous  moist 
curing  to  180  days  markedly  improved  re- 
sistance with  all  cements.  Even  with  the 
additional  curing,  however,  the  durability 
factors  at  120  cycles  exceeded  75  in  only 
one  cane  (cement  1).  When  the  180-day 
cured  specimens  were  subjected  to  270 
cycles  of  freezing  and  thawing,  the  dura- 
bility factors  were  considerably  reduced  as 


compared  to  the  values  at  120  cycles,  a 
further  indication  of  the  lack  of  durability 
of  this  aggregate  combination. 

The  fact  that  the  long  curing  period  was 
of  definite  assistance  in  increasing  dura- 
bility would  indicate  the  absence  of  any 
noticeable  reaction  between  the  aggregate 
and  the  alkalies  in  the  cements  in  spite  of 
the  fact  that  the  results  of  mortar-bar  ex- 
pansion tests  with  Klamath  Falls  basalt 
and  cements  1  and  2  would  indicate  the 
possibility  of  a  mild  reaction  (see  table  4). 
The  limited  quantities  of  the  aggregates 
available  were  insufficient  for  making  tests 
to  determine  the  contributing  effect  of  the 
Mt.  Hebron  and  the  Klamath  Falls  materials 
separately  to  the  poor  freezing  and  thawing 
resistance  encountered.  Variations  in  the 
alkali  content  of  the  cements  used  with  this 
aggregate  combination  did  not  appear  to 
have  much  effect  on  resistance  to  freezing 
and  thawing.  Possibly  any  effect  was 
masked  by  the  low  inherent  resistance  of 
the  aggregate.  These  tests  indicate  that 
the  combination  of  the  Mt.  Hebron  sand 
and  Klamath  Falls  coarse  aggregate  in  non- 
air-entrained  concrete  is  unsatisfactory  for 
use  in  concrete  for  outdoor  exposure  where 
alternate  freezing  and  thawing  may  occur. 

The  air-entrained  concrete  containing  this 
aggregate  combination  showed,  in  all  cases, 
greatly  improved  resistance  as  compared  to 
the  corresponding  non-air-entrained  con- 
crete. However,  the  relative  increases  were 
much  greater  for  the  specimens  cured  28 
days  than  when  the  curing  was  extended 
to  180  days.  Extending  the  freezing  and 
thawing  of  the  180-day  cured  specimens 
to  270  cycles  decreased  the  resistance  in  all 
cases,  although  the  relative  decreases  were 
not  nearly  so  great  as  for  the  corresponding 
concretes  without  entrained  air.  The  dura- 
bility factors  of  all  of  the  air-entrained 
concrete  specimens  containing  this  aggre- 
gate combination  exceeded  75  in  all  cases 
except  one  (with  cement  2,  cured  28  days). 

From  figure  2  it  can  be  seen  that  aggre- 
gate combination  II,  the  Umatilla  sand  and 
gravel,  with  and  without  air  entrainment 
gave  durability  factors  greater  than  75, 
with  two  exceptions.  These  were  the  com- 
binations with  cement  2  in  air-entrained 
concrete,  cured  180  days  and  exposed  to 
270  cycles,  and  cement  3  without  air  en- 
trainment, cured  28  days  and  exposed  to 
120  cycles.  In  both  cases  the  durability 
factor  was  in  excess  of  60.  These  tests 
would  indicate  that  the  Umatilla  sand  and 
gravel  are  high-grade  aggregates  suitable 
for  making  concrete  exposed  to  severe  cli- 
matic conditions. 

Durability  factors  for  aggregate  combi- 
nation III,  the  sand  and  gravel  from  the 
Willamette  River,  are  shown  in  figure  3. 
The  similarity  between  figures  2  and  3  is 
immediately  apparent,  indicating  that  there 
is  no  practical  difference  in  the  concrete 
making  properties  of  the  Umatilla  and 
Willamette  aggregates,  at  least  insofar  as 
durability  is  concerned.  It  is  interesting; 
to  note,  when  comparing  figures  2  and  3. 
that   in   the   case   of  the   non-air-entrained 
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Figure  1. — Durability  of  aggregate  combination  I  with  cements  1,  2,  and  3. 


firming  the  opinion  that  there  is  little  pos- 
sibility of  reactivity  even  with  high  alkali 
cements. 

It  is  of  interest  to  note  that  increasing 
the  curing  period  for  air-entrained  concrete 
from  28  to  180  days  decreased  the  resistance 
slightly  with  all  five  cements.  This  sug- 
gests the  possibility  that,  after  long  moist 
curing  periods,  some  of  the  minute  voids 
created  by  air  entrainment  may  eventually 
fill  with  water.  With  minor  exceptions, 
this  same  trend  was  noted  also  in  all  of 
the  other  aggregate  combinations  except 
combination  I. 

Aggregate  combination  V,  the  Rock  Island 
sand  and  gravel,  was  from  the  eastern  sec- 
tion of  the  State  of  Washington  and  is 
the  same  as  the  aggregate  used  in  the  tests 
by  Tremper  to  which  reference  has  been 
made.  He  found  that  this  aggregate  in 
concrete,  when  used  with  cements  high  in 
alkali  and  given  prolonged  moist  curing 
prior  to  testing,  broke  down  quite  rapidly 
in  freezing  and  thawing.  Similar  concretes 
containing  the  same  aggregate  but  cements 
of  lower  alkali  content  gave  fair  resistance 
to  the  action  of  freezing  and  thawing. 

As  may  be  seen  from  figure  5,  the  Rock 
Island  aggregates  in  combination  with  ce- 
ment 5,  having  a  total  alkali  content  of 
0.66  percent  (expressed  as  sodium  oxide), 
showed  somewhat  lower  resistance  at  the 
end  of  180  days  of  moist  storage  than  was 
obtained   with   cement   4    (0.44   percent  al- 


concrete,  cured  28  days,  the  order  of  resis- 
tance as  affected  by  the  cement  is  the 
same — concrete  containing  cement  1  being 
the  most  resistant  and  concrete  containing 
cement  3  the  least  resistant.  However,  this 
relation  does  not  hold  for  the  longer  curing 
period  and  for  this  reason  it  may  not  be 
significant,  insofar  as  ultimate  durability 
is  concerned. 

As  will  be  noted  from  figure  4,  non-air- 
entrained  concrete  made  with  aggregate 
combination  IV,  Potomac  River  sand  and 
gravel,  developed  poor  resistance  to  freezing 
and  thawing  with  all  five  cements.  This 
aggregate  gives  good  service  in  the  rela- 
tively mild  climate  in  the  Washington,  D.  C, 
area,  but  these  tests  indicate  that  without 
air  entrainment  it  would  not  be  a  suitable 
aggregate  where  freezing  and  thawing  is 
severe.  Potomac  River  aggregate  has  a 
wide  range  in  mineral  composition  and  it 
is  possible  that  occasionally  it  may  contain 
some  reactive  particles,  but  there  is  little 
or  no  direct  evidence  of  reactivity.  The 
comparatively  poor  resistance  of  concrete 
made  with  this  aggregate  is  probably  due 
to  a  combination  of  low  bond  strength  and 
certain  structural  weaknesses  of  the  aggre- 
gate particles.  The  resistance  of  the  non- 
air-entrained  concrete  at  120  cycles  was 
greatly  improved  by  extending  the  curing 
period  to  180  days.  Resistance  was  also 
greatly  benefited  when  air-entrainment  was 
used,  more  so  than  was  true  for  the  con- 
cretes  made   with   other    aggregates,   con- 
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□     NON  AIR  ENTRAINED  CONCRETE 


AIR  ENTRAINED  CONCRETE 
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RELATIVE      DURABILITY    FACTORS 

Figure  2. — Durability  of  aggregate  combination  II  with  cements  1.  2.  and  3. 
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□     NON  AIR  ENTRAINED   CONCRETE 
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Figure  3. — Durability  of  aggregate  combination  III  with  cements  1,  2,  and  3. 


kali),  and  substantially  lower  resistance 
than  was  obtained  with  cement  3  (0.18 
percent  alkali) .  This  is  particularly  notice- 
able at  the  end  of  270  cycles  of  freezing 
and  thawing.  On  the  other  hand,  the  re- 
sults at  the  end  of  28  days  of  moist  storage 
were  about  the  same  for  cement  5  (high 
alkali)  as  for  cement  3  (low  alkali).  These 
results  would  seem  to  verify  Tremper's 
conclusion  that  the  Rock  Island  aggregate 
is  slowly  reactive  with  alkali  in  the  cement. 
The  non-air-entrained  Rock  Island  concretes 
with  cement  5  are  the  only  ones  which  after 
180  days  of  moist  curing  were  less  re- 
sistant than  similar  concrete  cured  28  days. 
This  would  also  seem  to  verify  Tremper's 
conclusion.  Except  for  this  tendency  to 
be  slowly  reactive,  the  Rock  Island  aggre- 
gate in  combination  with  both  high  and 
low  alkali  cements  had  fairly  good  resis- 
tance to  alternate  freezing  and  thawing. 

In  the  field  where  reactive  aggregates 
were  suspected,  there  has  been  evidence  of 
map  cracking  of  the  concrete  pavements. 
Several  observers  have  thought  that  these 
cracks  permitted  easy  entrance  of  water, 
hence  making  the  concrete  more  susceptible 
to  freezing  and  thawing  action.  This  de- 
ductive reasoning  may  be  correct,  but  it  is 
difficult  to  simulate  this  condition  in  the 
laboratory.  Careful  observation  of  the  test 
specimens  failed  to  disclose  evidence  of 
cracking,  but  this  in  itself  is  not  significant 
since  small  specimens  of  the  size  under  con- 
sideration permit  adjustment  of  the  stresses 


□    NON  AIR  ENTRAINED    CONCRETE 
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Figure  4. — Durability  of  aggregate  combination  IV  with  cements  1,  2,  3,  4,  and  5. 
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□     NON  AIR  ENTRAINED  CONCRETE 


AIR   ENTRAINED   CONCRETE 


CYCLES 
CURING 
CEMENT 


RELATIVE     DURABILITY     FACTORS 


Figure  5. — Durability  of  aggregate  combination   V  with  cements  3.  4.  and  5. 


so  that  cracking  occurs  only  under  extreme 
conditions  of  volume  change. 

Length  change  measurements,  shown  in 
tables  10  and  11,  were  made  on  all  the  con- 
cretes subjected  to  freezing  and  thawing, 
but  no  significant  information  was  developed 
that  was  not  brought  out  by  study  of  the 
durability  factor. 

Strength   Tests 

Tables  12  and  13  show  the  flexural 
strengths  and  the  compressive  strengths  of 
modified  cubes  from  the  beams  remaining 
after  the  freezing  and  thawing  test  was 
complete,  as  well  as  from  control  beams. 
It  is  customary  to  make  such  tests  to  con- 
firm the  results  indicated  by  the  drop  in 
sonic  E.  For  the  non-air-entrained  con- 
crete, however,  no  direct  comparisons  can 
be  made  of  the  strengths  of  the  concrete 
made  of  the  various  combinations  of  aggre- 
gates and  cements,  because  of  the  variable 
number  of  cycles  required  to  produce  a  40- 
percent  drop  in  sonic  E  and  the  consequent 
difference  in  age  at  time  of  test,  and  also 
because  of  the  added  curing  obtained  by  the 
control  specimens  in  moist  air  at  70°  F. 
while  the  freezing  tests  were  in  progress. 


The  frozen  specimens  do,  of  course,  obtain 
some  additional  curing  during  the  thawing 
phase  of  the  cycle,  but  these  temperatures 
are  not  favorable  for  promoting  the  curing 
action.  This  difference  in  curing  is  brought 
out  by  the  observation  that  even  though 
some  of  the  frozen  air-entrained  concrete 
specimens  showed  little  or  no  drop  in  N", 
a  reduction  of  10  to  15  percent  in  compres- 
sive strength  of  these  same  specimens  was 
noted  with  an  even  greater  reduction  in  the 
case  of  flexural  strength. 

Comparison  of  Durability  Factors 

To  compensate  for  the  variable  number 
of  cycles  at  which  some  of  the  specimens 
were  tested,  compressive  and  flexural 
strength  durability  factors  somewhat  simi- 
lai  to  the  durability  factor  calculated  from 
sonic  E  were  evolved.  These  factors  were 
calculated  by  taking  the  ratio  of  the 
strength  after  freezing  and  thawing  to  the 
corresponding  strength  of  the  control  speci- 
mens, multiplying  this  ratio  by  the  number 
of  cycles  at  time  of  test,  and  dividing  the 
product  by  120  in  the  case  of  the  28-day 
cured  specimens  or  by  270  in  the  case  of 
the  180-day  cured   specimens. 


In  table  14  the  durability  factors  based 
on  sonic  determinations,  on  compressive 
strength  loss,  and  on  flexural  strength  loss 
have  all  been  grouped  for  purposes  of  com- 
parison. The  durability  factors  for  strength 
of  specimens  which  withstood  the  maximum 
number  of  cycles  are,  of  course,  the  same 
numerical  values  as  the  strength  ratios 
shown  in  tables  10  and  11. 

A  comparison  of  the  three  durability 
factors  indicates  a  reasonably  good  cor- 
relation as  regards  ability  to  differentiate 
between  aggregate-cement  combinations 
having  poor  resistance  as  measured  by  the 
sonic  test  and  those  combinations  showing 
good  resistance.  For  example,  in  all  of 
the  non-air-entrained  concretes  containing 
aggregate  combinations  I  and  IV,  with  all 
cements,  the  sonic  test  indicates  low  resis- 
tance (less  than  75).  For  all  of  these  com- 
binations the  corresponding  factors  cal- 
culated from  the  flexure  test  are  also  com- 
paratively low  (less  than  50  in  all  cases). 
The  corresponding  compressive  strength 
factors  are  also,  with  two  exceptions,  com- 
paratively low  (less  than  70).  It  will  be 
seen,  therefore,  that  from  the  standpoint 
of  selecting  the  definitely  poor  combinations 
any  of  the  three  factors  may  be  used.  The 
same  general  relations  also  hold  for  the 
three  combinations  which  in  general  had 
good  resistance  as  measured  by  sonic  E. 
Six  of  the  non-air-entrained  combinations 
showed  sonic  E  values  of  75  or  more  at  120 
cycles  and  seven  combinations  showed  cor- 
respondingly high  values  at  270  cycles.  For 
most  of  these  the  corresponding  durability 
values  in  compression  and  flexure  were  also 
relatively  high,  although  there  were  some 
individual  exceptions  to  the  trend  as,  for 
example,  the  comparatively  low  value  for 
aggregate  combination  II  with  cement  2 
in  flexure  at  120  cycles  as  compared  to  the 
sonic  E  and  compression  values. 

It  may  be  concluded  that  the  reduction  in 
sonic  E  reflects  reasonably  well  the  effects 
of  freezing  and  thawing  on  both  the  com- 
pressive and  flexural  strength  of  the  con- 
crete, particularly  in  those  cases  where  the 
resistance  of  the  concrete  is  comparatively 
low. 

It  will  be  noted  that  the  durability  factor 
based  on  flexure  strength  is  considerably 
lower  than  that  based  on  compressive 
strength.  Alternate  freezing  and  thawing 
is  probably  more  destructive  to  the  outer- 
most fibers  than  to  the  specimen  as  a  whole. 
Since  the  flexural  test  is  a  measure  of  the 
bending  strength  of  the  outermost  fibers 
it  appears  reasonable  to  expect  lower  rel- 
ative strengths  than  indicated  by  the  com- 
pression tests  on  the  broken  halves  remain- 
ing after  the  flexure  test. 

(Tables  10-14  are  on  the  following  pages.) 
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Observed  Settlements  of  Highway  Structures 
Due  to  Consolidation  of  Alluvial  Clay 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  E.  S.  BARBER 
Highway  Engineer 


Laboratory  consolidation  tests,  coupled 
with  analysis  of  field  conditions  indicated  by 
subsurface  explorations,  enable  the  engineer 
to  anticipate  the  amount  and  rate  of  settle- 
ment of  embankments  and  bridges  under  in- 
creased loads.  In  this  article  observed  set- 
tlements at  four  locations  are  correlated 
tvith  calculated  values  obtained  from  labora- 
tory test  results.  Actual  settlements  were 
found  to  be  in  substantial  agreement  with 
the  calculated  values,  the  maximum  differ- 
ence being  about  20  percent.  Primary  con- 
solidation accounted  for  most  of  the  ob- 
served settlements. 

IABORATORY  consolidation  tests  plus 
J  analysis  of  field  conditions  indicated  by 
subsurface  explorations  are  useful  in  esti- 
mating the  amount  and  rate  of  settlement 
of  embankments  or  bridges  to  be  expected 
due  to  an  increase  in  applied  load.  How- 
ever, correlation  of  such  analysis  with  re- 
corded  field   displacements   is  needed,   par- 


ticularly in  evaluating  boundary  drainage 
conditions  for  primary  consolidation  and  in 
evaluating  secondary  time-consolidation  ef- 
fects  which    are   independent   of   boundary 
drainage  conditions. 

This  paper  presents  observations  of  set- 
tlements at  four  different  sites  along  the 
Potomac  River  near  Washington,  D.  C,  as 
shown  in  figure  1,  and  their  correlation 
with  laboratory  test  results  and  analysis. 
Field  data  were  obtained  by  the  Bureau  of 
Public  Roads  and  the  District  of  Columbia 
Department  of  Highways,  and  the  tests 
were  made  in  the  Bureau  laboratory. 

Summary 

The  total  settlements  indicated  by  the 
field  observations  were  in  substantial  agree- 
ment with  the  values  calculated  from  lab- 
oratory compressibilities.  The  maximum 
difference  was  about  20  percent.  Primary 
consolidation  accounted  for  substantially  all 


of  the  observed  settlements  except  for  the 
peaty  material  at  one  location,  where  sec- 
ondary consolidation  was  quite  appreciable. 
The  rate  of  consolidation  in  clay  with  sand 
lenses  was  somewhat  more  rapid  than  that 
calculated  for  purely  vertical  consolidation, 
although  much  less  rapid  than  would  have 
been  derived  for  free  draining  lenses. 

Test  Methods 

Consolidation  tests  were  made  on  undis- 
turbed samples  taken  from  each  soil  layer 
by  the  suggested  method  of  test  for  con- 
solidation of  soil.1  Illustrative  consolida- 
tion test  results  are  given  in  table  1  and  the 
physical  properties  of  the  several  soils  over 
which  settlements  were  observed  are  shown 
in  table  2.  Using  the  data  from  the  con- 
solidation tests,  the  coefficients  of  com- 
pressibility and  consolidation  for  the  loads 
appropriate  to  each  problem  were  calcu- 
lated by  the  methods  shown  in  figure  2. 

Loading  intervals  of  24  hours  were  used 
for  obtaining  all  reduction  in  thickness  val- 
ues except  for  the  samples  from  the  upper 
layer  of  Bridge  8.  In  the  latter  instance, 
the  time  interval  was  96  hours. 

Fill    on    Three    Compressible    Layers 

As  part  of  the  road  network  around  the 
Pentagon,  a  35-foot  rolled  fill  of  silty  soil 
was  constructed  over  a  tidal  flat  at  the  lo- 
cation marked  "observed  fill"  in  figure  1. 

Samples  taken  from  borings  at  this  loca- 
tion disclosed  three  layers  of  compressible 
soil,  as  shown  in  the  cross  section  at  the 
top  of  figure  3.  Therefore,  settlement  of 
the  embankment  was  anticipated  but  it  was 
decided  to  raise  the  grade  line  of  the  road- 
way on  the  embankment  at  the  bridge  ends 
where  necessary  rather  than  excavate  the 
soils  in  layers  1,  2,  and  3  of  the  foundation 
and  thus  eliminate  the  settlement. 

Using  the  coefficients  of  compressibility 
and  consolidation  obtained  from  consolida- 
tion tests,  the  computed  time-settlement 
curves,  shown  in  figure  3,  were  drawn  be- 
fore  construction   started.     The  points  for 


Figure   1. — Location    of   observed   settlements. 
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Table    1. — Illustrative   consolidation    test   results 


Percentage  reduction  in  thickness  for  pressures  of 
0.02  kip  per  sq.  ft 

1  kip  per  sq.  ft.  

2  kips  per  sq.  ft  

4  kips  per  sq.  ft 

8  kips  per  sq.  ft 

Average  percentage  of  consolidation  after: 

0.09  minute 

.25  minute 

.49  minute 

1  minute 

4  minutes 

25  minutes      . .  .  

Initial  sample  thickness,  inches 

Initial  moisture  content,  percent  dry  weight 

Initial  wet  density,  pounds  per  cu.  ft 


Layer 


0.0 

5.1 

9.5 

18.4 

25.1 


10 
14 
18 
24 
38 
57 

0.49 

73 

95 


0.0 

14.8 
28.1 
39.7 
49.7 


9 
13 
17 
23 
33 
61 

0.49 

232 

73 


0.0 
1.5 
2.7 
4.3 
6.4 


22 
28 
33 
38 

61 
81 

0.49 

22 

128 


1  The  fill  on  the  Pentagon  network,  designated  "observed  fill"  in  figure  1. 


plotting  the  curves  were  calculated  from  the 
following  formula  based  on  an  average  ver- 
tical permeability  and  average  compressi- 
bility: 


f  =  rVwH 


l_jmcx 


(1) 


in  which 

t=time  in  years  for  a  given  degree  of 

settlement. 
r=time  factor. 

wi=coefficient  of  compressibility. 
c,.=coefficient  of  consolidation. 
H=thickness  of  each  layer. 

The  calculations  for  the  two  summations 
are  shown  in  table  3.  The  time  factors  T 
are  taken  from  table  4.  In  table  3,  2.69 
feet  is  the  maximum  calculated  settlement 
in  the  three  layers  due  to  the  weight  of  the 
35-foot  fill.  Thus,  for  50-percent  consoli- 
dation, or  1.34  feet,  and  drainage  from  two 
faces,  the  time  would  be,  using  equation 
(1),  i=0.05x 0.625x6,130=191.6  days=0.52 
year. 

Similar  calculations  were  made  for  other 
percentages  of  consolidation  to  obtain  data 
for  plotting  the  computed  curve  for  two 
drainage  faces  in  figure  3.  Adjustments 
were  made  for  the  period  of  load  increase 
indicated  at  the  top  of  the  graphs  in 
figure  3. 

A  similar  procedure  was  followed  in  de- 
riving the  computed  curve  for  one  drainage 
face.  For  these  computations  the  ratio  of 
the  pressure  at  the  drainage  face  to  pre- 
sure  at  the  impervious  face  was  assumed 
as  1.00. 

The  observed  settlement  curve  of  figure 
3  was  drawn  by  plotting  changes  in  eleva- 
tion of  the  settlement  plate.  The  settle- 
ment plate  was  placed  during  construction 
of  tbe  embankment  and  consisted  of  a  steel 
plate  24  inches  square  to  which  was  screwed 
a  stem  consisting  of  a  1-inch  diameter  pipe. 
The  plate  and  first  section  of  stem  were 
placed  2  feet  below  the  original  ground  sur- 
face and  a  2-inch  guard  pipe  was  placed 
around  the  stem.  Additional  sections  of 
stem  and  guard  were  added  as  the  height  of 
the  fill  increased.     After  completion  of  the 


fill,  the  guard  pipe  was  capped.  Elevation 
readings  referred  to  a  permanent  bench 
mark  were  taken  on  the  stem  at  regular 
time  intervals  and  the  fill  settlement  cal- 
culated. 

A  comparison  in  figure  3  of  observed  set- 
tlements with  those  calculated  for  two 
drainage  faces  indicates  that  the  fill  may 
have  acted  initially  as  a  drain  but  that  its 
resistance  to  flow  of  water  from  the  founda- 
tion increased  as  it  became  saturated. 

Consideration  of  degree  of  consolidation 
in  each  layer  as  affected  by  proximity  to  a 
drainage  face 2  would  make  considerable 
difference  in  time  calculations,  but  less  dif- 
ference than  the  uncertainty  of  boundary 
drainage.  The  section  of  curve  designated 
in  figure  3  as  "secondary  rate"  will  be  dis- 
cussed subsequently. 

Calculations  based  on  samples  taken  at 
two  other  locations  on  the  same  fill  indicate 
ultimate  settlements  of  0.81  and  3.62  feet 
although  the  observed  settlements  were  both 
approximately  the  same  as  shown  in  figure 
3.  This  shows  that  the  subsoil  was  more 
uniform  with  respect  to  support  of  a  35-foot 
fill  than  indicated  by  the  samples  obtained 
from  the  three  individual  borings. 

Elevations  taken  on  temporary  stakes 
and    tbe    pavement    at   the   top   of   the   fill 


'^Simultaneous  consolidation  of  contiguous  layers  of 
unlike  compressible  soils,  by  Hamilton  Gray.  Trans- 
actions of  the  American  Society  of  Civil  Engineers, 
1945,    p.    1327.     Discussion,    p.    1345. 


showed  tne  same  settlement  as  the  plate  be- 
low the  fill,  indicating  that  there  was  no 
consolidation  within  the  fill.  A  similar  rec- 
ord of  no  movement  within  a  rolled  fill  was 
previously  reported  in  Public  Roads.3 

Displacements  at  the  Boundary 
Channel  Bridge 

In  1931,  as  part  of  the  Memorial  High- 
way to  Mount  Vernon,  a  bridge  was  built 
over  Boundary  Channel  connecting  the  river 
bank  to  Columbia  Island,  newly  formed  by 
hydraulic  fill.  The  sketch  at  the  top  of 
figure  4  shows  the  deep  layer  of  organic 
clay  under  the  Boundary  Channel  Bridge 
and  the  adjacent  fill.  The  bridge,  consist- 
ing of  twin  cantilevers  with  a  small  sus- 
pended span,  was  supported  on  piles  to  ade- 
quate bearing  and  did  not  settle.  However, 
the  bridge  buckled  due  to  the  lateral  pres- 
sure transmitted  from  the  adjacent  fill 
placed  on  the  clay.  A  bench  mark  was  set 
in  the  fill  on  June  1,  1934.  The  time,  meas- 
ured from  the  mean  time  of  placement  of 
the  fill  almost  4  years  previous,  was  plotted 
against  the  observed  fill  settlement  as  shown 
in  figure  4.  The  primary  consolidation  rela- 
tion for  one-dimensional  drainage,  as  given 
in  table  4  for  two  drainage  faces,  was  ad- 
justed in  scale  to  fit  the  plot  of  fill  settlement 
as  closely  as  possible,  and  the  fitted  theoreti- 
cal curve,  shown  in  figure  4,  was  found  by 
successive  trials. 

A  record  of  the  fill  settlement  between 
June  24,  1932,  and  June  1,  1934,  was  subse- 
quently found.  This  record,  as  shown  in 
figure  4,  agreed  with  the  fitted  theoretical 
curve  indicating  that  the  settlement  was 
due  to  primary  consolidation.  This  set- 
tlement due  to  consolidation  is  additional 
to  any  that  took  place  due  to  lateral  dis- 
placement at  the  time  of  placing  the  fill. 

The  discrepancy  between  the  fitted  theo- 
retical curve  and  the  actual  fill  settlement 
after  10  years  is  due  to  the  5-percent  load 
increase  caused  by  the  addition  of  2  feet  of 
fill  material,  which  was  necessary  to  main- 
tain a  satisfactory  riding  surface. 

Table  5  shows  the  consolidation  proper- 
ties of  samples  of  clay  taken  from  borings 


^Research  oi 
Henry  Aaron, 
Public   Roads, 


the  construction  of  embankments,  by 
W.  T.  Spencer,  and  H.  E.  Marshall, 
vol.    24,    No.    1,    July-Aug.-Sept.    1944. 


Table   2. — Properties   of  alluvial  clays 


Pentagon  fill 

Old 

Boundary 

Channel 

Bridge, 

average 

Bridge  8,  Pentagon 
network 

New 

14th  St. 

Bridge, 

lower 

layer 

Layer 
1 

Layer 
2 

Layer 
3 

Upper 
layer 

Lower 
layer 

Percentage  passing: 

100 
99 
88 

47 

56 
18 

0.14 
0.043 

100 
94 
70 
25 

120 

24 

0.24 
0.090 

100 
98 
75 
45 

33 

16 

0.10 
0.0088 

100 
99 
85 
30 

51 

13 

0.28 
0.043 

74 
72 
59 
27 

61 

13 

0.17 
0.030 

99 
97 
65 
22 

23 

6 

0.46 
0.006 

100 
87 
71 
32 

58 

26 

0.04 
0.015 

No.  40  sieve 

No.  200  sieve 

0.005  mm 

Liquid  limit 

Plastic  limit 

Coefficient  of  consolidation,  ft. 
sq.  per  day 

Compressibility,  sq.  ft.  per  kip. 
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made  at  the  site  of  the  Boundary  Channel 
Bridge.  The  variations  in  the  coefficients 
of  consolidation  for  the  samples  indicate 
some  sandy  strata  for  which  the  continuity 
and  extent  could  not  be  determined.  Con- 
sidering- the  pressure  of  2.7  kips  per  square 
foot,  due  to  the  weight  of  granular  fill  on 
the  65-foot  layer  of  organic  clay,  the  7.0-foot 
settlement  (4.8+2.2)  indicated  in  figure  4 
would  require  a  compressibility  of  0.040 
which  compares  well  with  the  0.043  aver- 
age of  the  laboratory  test  results  shown  in 
table  5.  Assuming  vertical  drainage  only, 
the  settlement  record  indicates  a  coefficient 
of  consolidation  cv  of  0.28  foot  squared  per 
day.  This  agrees  with  the  average  cv  shown 
in  table  5.  However,  the  weighted  average 
vertical  c..  is  calculated  as  follows: 


0  9- 


avg.  mXavg.— 


0.043x229 


0.10  foot  squared  per  day. 

This  value  is  so  low  as  to  indicate  some  lat- 
eral drainage  which  could  not  be  evaluated 
from  the  data  available  before  the  record- 
ing of  field  settlements. 

The  similarity  of  the  curves  for  pier  rota- 
tion and  fill  settlement  in  figure  4  suggests 
that  the  lateral  movement  of  the  piers  to- 
ward each  other  is  controlled  by  the  lateral 
consolidation  of  the  clay  between  the  pile 
groups.  Struts  placed  between  the  piers 
below  water  in  August  1945  have  had  no 
apparent  effect  on  the  rotation  of  the  piers. 

Secondary  Consolidation 

The  foregoing  calculations  have  assumed 
primary  consolidation  based  on  soil  perme- 
ability and  location  of  drainage  boundaries. 
Laboratory  time-consolidation  records  often 
indicate  that  primary  consolidation  is  fol- 
lowed by  a  secondary  consolidation  charac- 
terized by  an  approximately  linear  rela- 
tion between  thickness  change  and  the  loga- 
rithm of  time.  The  time  for  secondary  con- 
solidation is  assumed  to  be  independent  of 
the  location  of  drainage  boundaries  and  ap- 
pears to  be  unimportant  until  the  primary 
consolidation  has  slowed  down  so  that  its 
rate  is  equal  to  the  secondary  rate,  where- 
upon the  secondary  rate  controls. 

Predicted  rate  of  secondary  consolidation, 
based  on  a  projected  linear  relation  between 
time  from  1  to  24  hours  and  thickness 
change  of  samples  in  the  laboratory,  is 
shown  between  7  and  9  years  in  figure  3, 
and  between  16  and  20  years  in  figure  4. 
The  fact  that  the  rate  of  observed  move- 
ment is  considerably  greater  than  the  sec- 
ondary rate  indicates  that  primary  consol- 
idation is  still  predominant. 

Evidence  of  more  important  secondary 
consolidation  was  found  at  Bridge  8,  a  grade 
separation  on  the  Pentagon  road  network, 
in  a  silty  clay  layer,  which  was  peaty  in  the 
upper  portion  as  indicated  by  the  profile 
in    figure    5.     To    support    wing    walls    at 
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Figure  2. — Plot  of  consolidation  test  results:  third  layer  of  Pentagon  fill. 


elevation  25,  piles  were  driven  through  15 
feet  of  rolled  fill  and  10  feet  of  dump  fill 
into  the  clay.  Due  to  the  resistance  to 
driving  built  up  in  the  fill,  the  piles  did  not 
reach  the  sand  and  gravel  below  the  clay. 
When  fill  was  placed  around  the  walls,  set- 
tlements were  observed  as  shown  in  figure  5. 

In  analyzing  the  record,  the  observed  set- 
tlement values  were  adjusted  to  eliminate 
the  settlement  due  to  the  October  1942  fill, 
leaving  primarily  the  settlement  due  to  the 
August  1942  fill.  A  curve  for  primary  con- 
solidation for  simple  vertical  drainage  was 
fitted  to  the  adjusted  curve.  As  shown  in 
figure  5,  the  fit  was  very  good  up  to  8 
months  or  90  percent  of  the  indicated  pri- 
mary consolidation. 

The  thickness  change  of  the  laboratory 
samples  of  the  peaty  clay  plotted  against 


logarithm  of  time  was  linear  from  1  to  96 
hours  and  showed  a  secondary  settlement 
per  logarithmic  cycle  of  20  percent  of  the 
total  for  each  load  increment.  If  this  sec- 
ondary consolidation  is  assumed  to  start 
at  8  months,  it  would  account  for  an  addi- 
tional settlement  at  80  months  of  20  percent 
of  the  indicated  primary  settlement  or 
0.2x0.71=0.14  foot.  The  observed  differ- 
ence between  the  adjusted  observation  and 
the  fitted  primary  consolidation  at  80 
months  is  0.96-0.71  or  0.25  foot.  The 
excess  (0.25—0.14=0.11)  may  be  due  to  the 
secondary  consolidation  from  the  fill  placed 
in  January  1942.  It  should  be  noted  that 
the  record  of  observed  settlement  is  concave 
upward,  indicating  that  the  linear  relation 
shown  up  to  4  days  in  the  laboratory  is  not 
maintained  up  to  80  months. 
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Figure    3. — Settlement    of   fill   on    Pentagon    network. 


Abutment  of  JSew  Fourteenth 
Street  Bridge 

The  north  abutment  of  the  new  Four- 
teenth Street  Bridge  over  the  Potomac  River 
at  Washington  was  supported  on  piles 
driven  to  good  bearing  according  to  pile- 
driving  formulas  and  short-time  loading 
tests.  Despite  the  fact  that  borings  showed 
soft  organic  clay  below  the  piles,  the  design 
was  approved  because  no  trouble  had  been 
experienced  with  the  old  bridge,  which  is 
situated  nearby  on  a  similar  foundation. 
Subsequent  investigation  disclosed  that  the 
old  abutment  had  settled  11  inches  but  with- 
out damaging  the  simply  supported  truss 
span.  The  presence  of  the  settlement  was 
obscured  by  the  general  settlement  of  the 
adjacent  reclaimed  marsh  and  the  use  of 
the  abutment  as  a  bench  mark.  An  equal 
settlement  could  not  be  tolerated  on  the  new 
bridge  with  continuous  plate-girder  spans. 
When  the  new  abutment  had  settled  18 
inches  at  the  fill  end  of  the  wing  walls  and 
2  inches  at  the  bridge  seat,  it  was  decided  to 
underpin  the  structure  with  steel  piles 
driven  to  sand  and  gravel  below  the  soft 
clay.  An  important  factor  in  making  this 
decision  was  the  fact  that  the  bridge  seat 
had  also  moved  3  inches  toward  the  fill. 

The  abutment,  as  shown  at  the  top  of 
figure  6,  was  built  above  the  original  ground 


and  the  rolled  fill  placed,  the  middle  of  the 
filling  period  being  in  February  1949.  Four 
months  later,  continuous  observations  of 
settlement  were  started  at  the  bridge  seat 
and  at  the  opposite  end  of  the  wing  wall. 
The  fill  and  the  wing  wall  settled  together 
due  to  the  compression  of  both  the  upper 
(elevation  +7  to  —40)  and  lower  (elevation 
—40  to  —80)  compressible  soil  layers. 
This  settlement  is  shown  by  the  solid 
portion  of  the  lower  curve  in  "figure  6. 
The  settlement  of  the  bridge  seat  was  due 
primarily  to  the  consolidation  of  the  lower 
layer,  to  which  the  piling  was  driven;  there 
was  no  fill  directly  above  the  area  under  the 
bridge  seat.  The  solid  portion  of  the  upper 
curve  in  figure  6,  obtained  by  plotting  set- 
tlement of  the  bridge  seat  against  the  square 
root   of   time,  is  linear  except  for  the  re- 


bound due  to  excavation  for  underpinning 
which  started  10  months  after  construction. 

Calculations  from  laboratory  tests  of 
samples  taken  from  borings  showed  that  the 
total  settlement  due  to  consolidation  of  the 
lower  layer  caused  by  the  load  from  the  fill 
and  abutment  would  be  8  inches  under  the 
bridge  seat  and  14  under  the  wing-wall  end. 
The  settlement  in  the  upper  soil-layer 
under  the  end  of  the  wing  wall  was  calcu- 
lated by  subtracting  14/8  of  the  observed 
bridge  seat  settlements  from  the  observed 
wall  settlements.  The  calculated  settle- 
ment as  related  to  time  is  shown  as  the  solid 
portion  of  the  center  curve  of  figure  6.  A 
theoretical  primary  curve  for  one  dimen- 
sional consolidation  was  fitted  to  the  calcu- 
lated curve  for  the  upper  layer.  The  por- 
tions of  the  theoretical  curve  that  extend  be- 


Table    3. — Time-consolidation   of  three-layer  system 


Layer 

Thickness 
H 

Coefficient  of 

compressibility 

m 

Coefficient  of 
consolidation 

cv 

mH 

H 

Settlement  under 

4.3  kips  per  sq.  ft.1 

(4.3  mH) 

mcv 

1 

Feet 
3 
5 
5 

Sq.ft. /kip 

0.0434 

.0902 

.0088 

Ft.  sq./day 
0.14 
.24 
.105 

0.130 
.451 
.044 

490 

230 

5,410 

Feet 

0.56 

1.94 

.19 

2 

3 

Total .  .  . 

13 

.625 

6,130 

2.69 

1  4.3  kips   per  square  foot  is  approximately  the  load  applied  to  the  three  layers  by  the  rolled   fill,  35   feet 
high,  with  a  density  of  123  pounds  per  cubic  foot. 
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yond  the  calculated  values  are  shown  by  the 
dashed  lines  on  the  middle  curve  of  figure  6. 

When  the  underpinning  was  complete,  the 
movement  of  the  wing  wall  stopped  but  the 
fill  continued  to  settle.  By  adding  14/8  of 
the  projected  bridge  seat  settlement  to  the 
fitted  primary  consolidation  curve  for  the 
upper  soil  layer,  a  predicted  curve  for  fill 
settlement  was  derived  and  is  shown  as  the 
dashed  extension  of  the  lower  curve  in  fig- 
ure 6.  A  check  observation  made  24  months 
after  construction  and  plotted  in  figure  6 
shows  excellent  agreement  between  the  com- 
puted and  the  observed  fill  settlement. 

Based  on  the  8-inch  settlement  of  the 
bridge  seat  calculated  from  test  results  on 
the  lower  layer,  25  percent  of  primary  con- 
solidation occurred  in  6  months,  indicating 
a  coefficient  of  consolidation  of  0.11  foot 
squared  per  day  based  on  vertical  consolida- 
tion. As  shown  in  table  2,  the  average  lab- 
oratory value  is  0.04,  showing  that  the  sand 
lenses  had  appreciable  effect  in  accelerat- 
ing the  settlement. 


Table   4. — Effect   of   boundaries  on     time-consolidation 


Degree  of  consolidation 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

Time  Factor  T  -- 

Cvt 

Ratio  of  pressure  at  drainage  face  to  pressure  at 
impervious  face: 

0 

0.049 
.027 
.016 
.012 
.010 
.008 
.006 
.005 
.004 
.003 
.003 
.002 

.002 

0.100 
.073 
.056 
.042 
.036 
.031 
.024 
.019 
.016 
.013 
.011 
.009 

.008 

0.154 
.126 
.106 
.092 
.079 
.071 
.058 
.050 
.041 
.034 
.028 
.024 

.018 

0.217 
.186 
.164 
.148 
.134 
.126 
.107 
.095 
.082 
.069 
.060 
.048 

.031 

0.29 
.26 

.24 
.22 
.20 
.20 
.17 
.16 
.14 
.12 
.11 
.09 

.05 

0.38 
.35 
.33 
.31 
.29 
.29 
.26 
.24 
.22 
.20 
.18 
.16 

.07 

0.50 
.46 
.44 
.42 
.41 
.40 
.38 
.36 
.34 
.32 
.30 
.28 

.10 

0.66 
.63 
.60 
.58 

.57 
.56 
.54 
.52 
.50 
.48 
.46 
.44 

.14 

0.95 
.92 
.90 

.88 
.86 
.85 
.83 

.81 
.79 

.77 
.75 
.73 

.21 

.2   

.4    

.6 

.8 

,     1.0 

1.5 

2    

3    

5    

10    

Time  Factor  T  -- 

cvt 
£>2 

.58 
.44 
.24 
.14 

.78 
.58 
.32 
.19 

1.10 
.86 
.44 
.29 

Ratio  of  well  diameter  to  effective  spacing  D: 

0.01 

.046 
.032 
.014 
.006 

.104 
.075 
.037 
.019 

.167 
.124 
.064 
.035 

.24 
.180 
.096 
.054 

.33 

.25 

.132 

.077 

.44 

.33 

.178 

.105 

.025 

.1 

.2 

4  9 

TIME-YEARS    AFTER   SEPT  1,1930 
(  SQUARE    ROOT    SCALE  ) 

Figure  4. — Fill   settlement   and  pier  rotation   at   Boundary   Channel  Bridge. 
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Figure  5. — Settlement   of   north-east  wing  tvall.   Bridge  8,   Pentagon    network. 
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Table   5. — Consolidation   properties  of  clay  at   Boundary   Channel  Bridge 


Sample 

Coefficient  of 
consolidation 

Cv 

Compressibility 
m 

1 

3A. 

4 

Ft.  sq./day 
0.35 

.03 

.28 

.07 

.14 

.08 
1 

Sq.  ft./kip 
0.049 
.059 
.046 
*         .033 
.046 
.050 
.020 

58 
566 

78 
430 
155 
250 

50 

5                                      

6   ..                                 

11                                                  

12                                                         

Total                                  

1.95 

.28 

.303 
.043 

1,587 
229 
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Figure  6. — Settlement  at  north  abutment  of  netv  Fourteenth  Street  Bridge. 
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Second  Inter-American  Highway  Film 


Inter- American  Highway  Report  —  Part 
II,  Central  America  and  Panama,  a  motion 
picture  produced  by  the  Bureau  of  Public- 
Roads,  is  now  available  for  lending  to  in- 
terested organizations.  The  16-millimeter 
sound  and  color  film,  with  a  running  time  of 
62  minutes,  shows  the  present  condition  of 
the  southerly  1,600  miles  of  the  Inter-Ameri- 
can Highway  extending  from  the  Guate- 
mala-Mexico boundary  through  the  Central 
American  Republics  of  Guatemala,  El  Sal- 
vador, Honduras,  Nicaragua,  and  Costa 
Rica  and  thence  through  Panama  to  Panama 
City.  Inter-American  Highway  Report — 
Part  I,  Mexico,  covering  the  northern  1,700 
miles  of  the  highway,  was  announced  in 
Public  Roads,  vol.  26,  No.  10,  October  1951. 

Inter- American  Highway  Report — Part  II 
is  a  study  in  rich,  colorful,  and  vivid  con- 
trasts. Portions  of  the  route  are  in  splen- 
did condition.     On  others  no  work  has  been 


done  and  the  cars  of  the  motion-picture 
men  had  to  be  dragged  across  muddy  quag- 
mires and  through  deep  river  fords.  There 
are  modern,  bustling  capital  cities  to  com- 
pare with  primitive  rural  villages,  ox  carts 
to  contrast  with  present-day  motor-vehicle 
traffic,  handicrafts  which  hark  back  to  the 
earliest  times  side  by  side  with  twentieth- 
century  industrial  plants,  and  an  ever- 
changing  kaleidoscope  of  beautiful  scenery, 
historic  structures,  ancient  ruins  and  Indian 
temples,  and  beautiful  cathedrals. 

Animated  charts  show  the  bypass  around 
the  uncompleted  section  in  northern  Guate- 
mala as  well  as  the  steamship  journey  on 
the  bypass  route  from  Costa  Rica  to  Pana- 
ma. Animated  maps  are  flashed  upon  the 
screen  at  the  conclusion  of  the  pictures  for 
each  country.  These  maps  locate  the  capi- 
tals and  give  the  location  and  mileage  of 
the  passable  and  impassable  sections. 


Sections  of  modern  highway,  up-to-date 
bridges  spanning  wide  rivers,  garages,  fill- 
ing stations,  haciendas,  hotels,  and  all  the 
other  attributes  of  a  main  route,  which  will 
some  day  make  touring  through  Central 
America  a  must  for  the  motorist,  appear. 
The  picture  summarizes  the  present  condi- 
tion of  this  great  thoroughfare — a  unit  in 
the  greater  Pan  American  Highway  which 
will  some  day  join  North  and  South  Ameri- 
ca— and  gives  an  accurate  appraisal  of  the 
work  that  still  remains  to  be  done  before  it 
will  be  possible  for  the  casual  motorist  to 
essay  the  journey  over  the  entire  route. 

Inter-American  Highway  Report  —  Part 
II,  Central  America  and  Panama,  may  be 
borrowed  by  any  responsible  organization, 
without  cost  except  for  the  nominal  trans- 
portation charges,  by  writing  to  the  Visual 
Education  Branch,  Bureau  of  Public  Roads, 
Washington  25.  P.  C. 
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Traffic  Trends  on  Rural  Roads  in  1950 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by 

THOMAS  B.  DIMMICK, 

Head,  Current  Data  Analysis  Unit 


Total  travel  on  rural  roads  in  1950  broke  all  records,  exceeding  the  1949 
previous  high  by  9  percent  and  the  1941  prewar  peak  by  38  percent.  On  the 
350,000  miles  of  main  rural  roads  in  the  United  States,  travel  in  1950  teas  over 
174  billion  vehicle-miles,  of  which  76  percent  was  by  passenger  cars,  1  percent 
by  busses,  and  23  percent  by  freight-carrying  vehicles. 

Trucks  and  combinations  hauled  36  percent  more  ton-mileage  of  freight 
in  1950  than  in  1949  and  106  percent  more  than  in  1941,  the  increase  resulting 
largely  from  greater  use  of  heavier  vehicles.  Truck  combination  travel  was  33 
percent  higher  than  in  1949  and  145  percent  higher  than  in  1941.  Comparable 
figures  for  single-unit  trucks  were  12  and  43  percent.  The  average  carried  load 
for  all  trucks  and  combinations  in  1950  was  10  percent  above  the  average  in 
1949  and  55  percent  above  that  in  1941. 

In  1950  almost  7  percent  of  all  trucks  and  combinations  exceeded  a  State 
legal  weight  limit,  and  19  percent  of  the  combinations  were  illegally  overloaded  in 
some  particular.  In  comparison  with  1949,  the  percentage  of  overweight  vehicles 
for  1950  increased  in  all  regions  except  in  the  South  Atlantic  States. 


MOTOR-VEHICLE  TRAVEL  broke  all 
previous  records  in  1950  for  the  fifth 
consecutive  year.  The  1950  traffic  on  all 
rural  roads  was  almost  9  percent  higher 
than   in   1949,   18   percent  higher  than   in 


1948,  26  percent  higher  than  in  1947,  al- 
most 38  percent  higher  than  in  1946,  and 
slightly  more  than  38  percent  higher  than 
the  1941  prewar  peak.  Geographically,  the 
increases  over  1949  ranged  from  7  percent 


in  the  western  States  to  8  percent  in  the 
eastern  States  and  10  percent  in  the  central 
States.  The  largest  increase  over  1949  in 
any  of  the  United  States  census  regions  * 
was  15  percent  in  the  East  South  Central 
region.  The  smallest  increase  was  4  percent 
in  the  Pacific  region.  Records  from  about 
900  automatic  traffic  recorders,  operated 
continuously  throughout  the  year  at  perma- 
nent stations  on  main  and  local  roads  in 
all  States,  were  used  generally  to  establish 
these  trends.  More  extensive  traffic  sur- 
veys, made  by  a  number  of  States,  yielded 
valuable  information  concerning  the  total 
volume  of  rural  traffic  within  their  boun- 
daries. Consideration  has  been  given  to  all 
such  available  data  in  this  analysis.  Where 
States  have  prepared  and  submitted  vehicle- 
mile  travel  estimates  of  their  own,  these 
have  been  employed  rather  than  estimates 
made  by  applying  trend  factors. 


JThe  States  comprising  each  census  region  are  indi- 
cated   in    table   1. 
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Figure  1. — Truvel  on  all  rural  roads  in  1941,  1943,  1949,  and  1950,  by  months. 
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The  variation  in  average  daily  travel  on 
rural  roads  by  months  in  the  three  main 
geographic  divisions  and  in  the  United 
States  as  a  whole  is  illustrated  in  figure  1 
for  the  years  1950,  1949,  1943,  and  1941,  the 
latter  being  the  prewar  peak  year.  Travel 
in  each  month  of  1950  in  the  eastern  and 
central  regions  and  in  the  United  States  as 
a  whole  was  well  above  that  of  the  corre- 
sponding month  of  the  earlier  years.  The 
western  region  showed  a  slight  decrease  in 
January  from  1949  to  1950. 

Summer  travel  constituted  a  greater  por- 
tion of  the  annual  travel  in  1950  than  in  any 
recent  year.  In  the  last  two  prewar  years 
(1940  and  1941)  the  average  daily  traffic  in 
July  and  August  was  23  percent  above  the 
average  daily  traffic  for  the  year.  During 
the  war  this  seasonal  travel  was  reduced 
drastically,  the  average  daily  traffic  in  July 
and  August  being  only  13  percent  above  the 
annual  average  in  1942  and  1943.  Not  un- 
til 1949  did  vacation  and  other  summer  driv- 
ing form  as  large  a  proportion  of  the  year's 
travel  as  in  the  prewar  years.  In  1950  the 
average  daily  traffic  on  rural  roads  in  July 
and  August  was  slightly  more  than  24  per- 
cent above  the  annual  average,  a  percent- 
age even  higher  than  in  1940  and  1941. 

Source  of  Information 

The  large  number  of  automatic  traffic  re- 
corders operated  on  the  rural  roads  of  each 
State  give  a  good  indication  of  the  trend  of 
total  traffic  on  those  highways  but  provide 
no  indication  of  the  classification  of  vehicles 
by  type,  weight,  or  other  characteristics. 
During  certain  prewar  years,  generally  1936 
or  1937,  nearly  every  State  conducted  a 
comprehensive  survey  of  traffic  in  which  all 
vehicles  counted  were  classified  by  type.  At 
the  same  time  a  large  number  of  trucks  and 
truck  combinations  were  stopped  and  in- 
formation recorded  concerning  their  weight, 
dimensions,  and  other  important  features. 

In  order  to  determine  the  wartime  trend 
in  weights,  dimensions,  and  other  charac- 
teristics of  commercial  vehicles,  a  brief 
check  survey  was  made  in  the  summer  of 
1942  at  certain  typical  stations  in  most 
States.  From  strictly  comparable  informa- 
tion gathered  in  the  two  surveys,  trends 
were  calculated  which  were  used  to  deter- 
mine the  changes  in  traffic  and  vehicle  char- 
acteristics that  had  taken  place  since  the 
comprehensive  survey  was  made.  Since 
1942,  check  surveys  have  been  made  an- 
nually. Most  States  have  participated  in 
these  each  year  and  all  have  participated  at 
some  time.2  Forty-five  States  conducted 
such  surveys  in  1950. 

Classification  counts  made  in  numerous 
States,  in  addition  to  those  made  at  the 
weight  stations,  added  valuable  information 


Table    1. — Survey   period,    number   of  stations   operated,    number   of   vehicles    counted, 
and   number   weighed  in  each   State  in   the  special   weight  surveys,   summer  of  1950 


Region  and  State 

Survey  period 

Number 
of  stations 

Total 
vehicles 
counted 

Trucks    and    truck 
combinations 

Counted 

Weighed 

New  England: 

July  24-Aug.  17 

July  26-Aug.  11 

10 

10 

10 

5 

5 

5 

33 , 055 

6.611 

2 ,  135 
2,311 
2,448 

610 
1,202 

775 

27,710              5.453 

Massachusetts 

New  Hampshire 

Rhode  Island 

Aug.  7-Aug.  22 

Aug.  7 -Aug.  11 

39,757 

14,753 

13.881 

9,860 

7,108 
2,061 
2.643 

775 

July  17-July  21.    . 

July  31-Aug.  4 

Subtotal 

45 

139,016 

24,651 

9.481 

Middle  Atlantic: 

Aug.  14-Aug.  29 

Aug.  1-Sept.  5 

July  19-Sept.  21 

10 
20 
14 

83,027 
33,536 

56 , 742 

16,354 
8,419 
13,042 

1,590 
1,747 
2,680 

44 

173,305 

37,815 

6,017 

South  Atlantic: 

Aug.  10- Aug.  23 

9 

40,861 

8,547 

1,443 

Florida 

Georgia 

Aug.  8-Oct.  24. 

18 
10 
12 
10 
10 
9 

25,107 
42,975 
29,462 
19,181 
25,030 
14.381 

6,701 
9,570 
7,194 
5,368 
6,003 
3,762 

3,485 
1,236 
4,276 
2,031 
3,926 
1,418 

Aug.  14-Sept.  13.  . 

Aug.  8-Aug.  29 

Sept.  11-Sept.  22 

Aug.  8-Aug.  24 

Virginia 

West  Virginia 

78 

196,997 

47,145 

17,815 

167 

509,318 

109,611 

33,313 

East  North  Central: 

Aug.  2-Aug.  29 

June  13-June  27.  . 

Julv  18-Aug.  3 

Aug.  1-Sept.  29 

20 

9 

10 

10 

51,375 
22 ,  620 
28,841 
24,502 

12,849 
4,665 
5,599 
4.879 

5,295 
1,682 
1,357 
1,080 

(  >hio  

49 

127,338 

27,992 

9,414 

East  South  Central : 

Aug.  2-Sept.  14 

July  10-July  28 

10 

6 

15 

10 

13,318 

9,532 

25,197 

13,749 

3,290 
2,741 
6,635 
3.845 

2,495 
1,222 
3,617 
1,472 

Kentucky 

Mississippi 

Tennessee 

Aug.  1-Sept.  7 

Subtotal 

41 

61,796 

16,511 

8,806 

West  North  Central : 
Iowa 

July  24-Aug.  23 

July  17-Aug.  12 

July  31-Aug.  28 

July  20-Aug.  29 

July  20-Aug.  30 

June  23-Sept.  20 

10 
10 
19 
16 
20 
14 
11 

13,937 
11.089 
23,238 
139,548 
21.0H 
22,689 
9,985 

2,679 
2.263 
3,860 
27,732 
5.250 
5,233 
1,350 

2,674 
993 
1,906 
9,820 
5,157 
2,213 
1,149 

Kansas 

Minnesota 

Missouri 

Nebraska 

North  Dakota   .  .  . 

South  Dakota 

Subtotal 

100 

244,497 

48,367 

23,912 

West  South  Central : 
Arkansas 

Sept.  11-Sept.  29 

July  31-Aug.  4 

10 
10 
10 
20 

18,638 
11,769 
15,512 
98,441 

6,333 

3,460 

3.443 

21,032 

1,523 

925 

3,225 

5 ,  372 

Louisiana 

Oklahoma 

July  17-Aug.  14 

Texas 

Subtotal 

50 

144,360 

31  ,26S 

11,045 

Central  regions,  subtotal. 

2  10 

577,991 

127,138 

53,177 

Mountain: 

Arizona 

Julyf  10-July  21 

10 
13 

9,923 

26,180 

2,043 
4,266 

857 
915 

Colorado 

Aug.  3-Aug.  22.  . 

Idaho 

Montana 

July  31-Sept.  1 

9 
10 
10 
10 
10 

9,477 

7,613 

14,371 

18,954 

12,625 

1,921 
1.084 
3.251 
3,595 
2,386 

1,108 

988 

1,467 

1,306 

891 

Nevada 

New  Mexico 

July  31-Aug.  14..  .  . 

Utah 

Wyoming 

July  31-Aug.  18. . 

Subtotal 

72 

99,1  13 

18,546 

7,532 

Pacific : 

California.  , 

May  31-Julv  7. . 

20 

8 

20 

1 80,740 
16,456 
97,088 

14,855 

3,251 

17,373 

5,117 
2,179 
12,984 

Oregon 

Aug.  8-Sept.  1 .  .  . 

Washington 

June  5-Oct.  10. .  . 

Subtotal 

48 

194,284 

:j.-i .  179 

20,280 
27,812 

Western  regions,  subtotal .  .    . 

120 

293,427 

54,025 

United  States  total 

527 

1,380,736 

290,774 

114,302 

Passenger   cars   not   counted;   figure  given   is   an   estimate   based   on   data   from   other   reports. 


2See  Traffic  trends  on  rural  roads,  bv  T.  B.  Dimmick, 
Public  Roads,  vol.  26.  No.  5,  Dec.  1950;  vol.  25.  No. 
12,  Feb.  1950:  vol.  25,  No.  7,  Mar.  1949:  vol.  25.  No.  3, 
Mar.  1948;  vol.  24.  No.  10.  Oct.-Nov.-Dec.  1946;  and 
Amount  avd  characteristics  of  trucking  on  rural  roads. 
by  J.  T.  Lynch  and  T.  li.  Dimmick,  Public  Roads,  vol. 
23,    No.    9,    July-Aug.-Sept.    1943. 


concerning  vehicle-type  proportions.  In  a 
few  States  greatly  expanded  loadometer  sur- 
veys have  furnished  more  reliable  data  con- 
cerning vehicle  types  and  weights  than  can 
be  obtained  from  the  trend  data  alone,  and 
these  have  been  used  in  the  analysis  when 
available. 


1950    Summer   Loadometer   Survey 

The  stations  used  in  these  check  surveys 
were  selected  initially  to  give  a  representa- 
tive cross  section  of  traffic  on  main  rural 
roads.  They  were  operated  for  one  or  more 
8-hour  periods  on  a  weekday,  generally  from 
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either  6  a.  m.  to  2  p.  m.,  or  from  2  p.  m.  to 
10  p.  m.  All  traffic  passing  through  the  sta- 
tions during  the  period  was  counted  and 
classified  into  the  following  categories:  Lo- 
cal passenger  cars;  foreign  (out-of-State) 
passenger  cars;  panel  and  pick-up  trucks;  3 
.other  two-axle,  four-tire  trucks;  two-axle, 
six-tire  trucks;  three-axle  trucks;  truck- 
tractor  and  semitrailer  combinations;  truck 
and  trailer  combinations  or  truck-tractor 
semitrailer  and  trailer  combinations;  and 
busses.  The  combination-type  vehicles  were 
further  subdivided  according  to  the  number 
of  axles  of  each.4 

Most  of  the  weight  stations  were  operated 
during  July,  August,  and  September.  The 
survey  period,  number  of  stations  operated, 
number  of  vehicles  counted,  and  number 
weighed  are  shown  for  each  State  in  table 
1.  More  than  1.38  million  vehicles  were 
counted  at  all  stations  during  the  period  of 
the  survey.  Slightly  more  than  one-fifth  of 
these  were  freight-carrying  vehicles,  of 
which  almost  40  percent  were  weighed. 

Wherever  traffic  volume  permitted,  every 
truck  and  truck  combination  was  stopped 
and  weighed.  Wh«re  this  procedure  was 
impracticable  all  of  the  less  common  types 
were  weighed  and  the  common  vehicle  types 
were  weighed  in  sufficient  numbers  to  estab- 
lish their  characteristics  from  the  sample. 
The  type  of  vehicle,  whether  loaded  or 
empty,  the  number  of  axles,  and  the  weight 
of  each  axle  were  recorded.  The  axle- 
spacing  and  total  wheelbase  length  of  the 
heavier  vehicles "  were  measured,  and  the 
commodity  carried  and  the  type  of  opera- 
tion— private  or  for-hire — were  recorded. 
Passenger  cars  and  busses  were  counted  but 
not  stopped  for  weighing. 

Prewar   Traffic   Trend   Increased 

Figure  2  shows  in  chart  form  the  vehicle- 
mileage  of  travel  on  all  rural  roads,  by 
types,  for  each  year  from  1936  to  1950,  in- 


3Single-unit  trucks  with  a  carrying  capacity  of  less 
than   1 V2    tons. 

*In  this  article,  the  term  "truck"  is  used  to  indicate 
a  single-unit  vehicle;  "truck  combination"  to  indi- 
cate truck-tractor  semitrailer  (with  or  without  full 
trailer)  and  truck  with  full  trailer;  and  "trucks  and 
truck  combinations"  or  "trucks  and  combinations"  to 
indicate   all   of   these   vehicles   together. 

3Trucks  and  truck  combinations  weighing  13  tons  or 
more,  or  having  an  axle  weighing  18,000  pounds  or 
more. 


Figure  2. — Travel  on  all  rural  roads,  1936-50,  by  classes  of  vehicles. 


elusive.0  It  is  apparent  that  the  effect  of  the 
drastic  restrictions  of  travel  during  the  war 
period,  1942-45,  caused  but  a  temporary  dip 
in  traffic  growth  and  that  the  1950  vehicle- 
mileage  was  as  high  as  would  have  been 
estimated  by  any  rational  projection  of  the 
prewar  trend.  A  straight  line  from  the  top 
of  the  bar  for  1936  to  the  top  of  the  bar  for 
1950  passes  through  the  top  of  the  bar  for 


c  In  a  similar  figure  in  Traffic  trends  on  rural  roads 
hi  I9i9,  Public  Roads,  vol.  26,  No.  5,  Dec.  1950,  the 
bar  for  1938  was  shorter  than  it  should  have  been.  The 
current   figure    is    correctly   plotted. 


1937,  cuts  below  the  top  of  the  bar  for  1941, 
and  falls  well  above  the  tops  of  the  bars  for 
all  other  years. 

Travel  by  trucks  and  truck  combinations 
increased  in  a  manner  very  similar  to  that 
observed  for  all  vehicles.  For  truck  com- 
binations alone,  the  1936-50  line  lies  above 
the  tops  of  all  bars  from  1937  to  1949,  in- 
clusive, thus  showing  an  accelerating  up- 
ward trend  in  the  travel  by  these  heavier 
vehicles.  This  is  emphasized  by  other  trend 
data,  given  in  other  portions  of  this  report. 


Table   2. — Ratio 

of  1950  traffic 

on    main    rural   roads    to   corresponding    traffic    in 

1949' 

Vehicle  type 

Eastern 

i    L'.iims 

Central  regions 

Western  regio 

ns 

United 

States 

average 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Average 

East 

North 
Central 

East 
South 
Central 

West 

North 
Central 

West 
South 
Central 

Aver- 
age 

Moun- 
tain 

Pacific 

Aver- 
age 

Passenger  ears: 

1.07 
1.04 
1.06 

1.16 
1.32 
1.19 

1.03 

1.08 

1.03 
1.06 
1.04 

1.09 
1.23 

1.14 

.78 
1.06 

1.11 
1.11 
1.11 

1.10 
1.34 
1.16 

.97 

1.12 

1.07 
1.08 
1.07 

1.11 
1.31 
1.16 

.91 

1.09 

1.02 
1.19 
1.07 

1.08 
1.39 
1.19 

1.17 

1.09 

1.11 
1.16 
1.12 

1  .16 
1.34 
1.20 

1.02 

1.14 

1.07 
1.10 
1.07 

1.09 
1  .14 
1.10 

1.04 

1.08 

1.13 
1.13 
1.13 

1.12 
1.22 
1.14 

.99 

1.13 

1.07 
1  .16 
1.09 

1.12 
1.32 
1.18 

1.06 

1.11 

1.18 
1.08 
1.13 

1  .10 
1.28 
1.13 

1.00 

1.13 

1.03 
1.02 
1.03 

1.13 
1.36 
1.19 

1.01 

1.06 

1.04 
1.06 
1.04 

1.12 
1.35 
1.19 

1.01 

1.07 

1.06 
1.11 
1.07 

1.12 
1.33 
1.18 

.99 

1.09 

Trucks  and  combinations: 

1  The  ratios  for  "all  vehicles"  are  based  on  year-around  automatic  recorder  data,  while  those  for  the  individual  vehicle  types  are  based  principally  on  summer  counts. 
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Table    3. — Percentage  distribution  of  travel,  by  vehicle  type  and  by  type  of  operation,  on  main  rural  roads  in  the  summer  of  1950 


Vehicle  type 


Passenger  cars: 

Local 

Foreign 

All  passenger  cars. 


Single-unit  trucks: 

Panel  and  pick-up 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

All  single-unit  trucks. 


Truck-tractor  and  semitrailer  com- 
binations: 

3-axle 

4-axle 

5-axle  or  more 

All    truck-tractor    and    semi- 
trailer combinations 


Truck  and  trailer  combinations: 

4-axle  or  less 

5-axle 

6-axle  or  more 

All    truck    and    trailer    com- 
binations  


All  combinations 

All  trucks  and  truck  combinations 

Busses 

All  vehicles 


Eastern  regions 


New 
Eng- 
land 


65.41 
24.39 
79.80 


4.68 

1.36 

8.04 

.32 

14.40 


4.27 
.27 


4.54 
.03 


.03 

4.57 

18.97 

1.23 

100.00 


Middle 

At- 
lantic 


61.97 
16.17 

78.14 


4.91 
.88 

7.82 

.32 

13.93 


5.78 

1.33 

.01 

7.12 


.02 
.01 


.03 

7.15 

21.08 

.78 

1(1(1.00 


South 
At- 
lantic 


56.66 
18.83 
75.49 


7.52 
.51 

7.46 

.40 

15.89 


5.01 

2.34 

.01 

7.36 


.02 

(') 

.02 

7.38 

23.27 

1.24 

100.00 


Aver- 
age 


58.66 
18.51 
77.17 


6.05 
.78 

7.69 

.36 

14.88 


5.22 

1.64 

.01 

6.87 


.02 
.01 

(') 

.03 

6.90 

21.78 

1.05 

100.00 


Central  regions 


East 
North 
Cen- 
tral 


54.73 
22.64 
77.37 


5.19 
.49 

6.48 

.40 

12.56 


5.17 

3.24 

.16 

8.57 


.16 
.46 
.09 

.71 

9.28 

21.84 

.79 
100.00 


East 
South 
Cen- 
tral 


43.88 
22.76 
66.64 


11.93 
.51 

12.22 
.38 

25.04 


5.53 

1.09 

.02 

6.64 


6.64 
31.68 

1.68 
100.00 


West 
North 
Cen- 
tral 


59.04 
15.64 
74.68 


8.10 

.77 

9.21 

.28 

18.36 


3.13 

2.40 

.34 

5.87 


.25 
.01 


.26 

6.13 

24.49 

.83 

100.00 


West 
South 
Cen- 
tral 


58.74 
14.99 
73.73 


10.56 

.33 

7.19 

.17 

18.25 


4.40 

2.41 

.06 

6.87 


.17 
.01 


.18 

7.05 

25.30 

.97 

100.00 


Aver- 
age 


55.17 
19.19 
74.36 


8.12 

.51 

8.08 

.31 

17.02 


4.57 

2.54 

.16 

7.27 


.16 
.18 
.04 

.38 

7.65 

24.67 

.97 

100.00 


Western  regions 


Moun- 
tain 


43.58 
32.75 
76.33 


9.73 

.66 

6.22 

.45 
17.06 


1.87 
1.54 
1.21 

4.62 


.27 
.33 
.26 

.86 

5.48 

22.54 

1.13 

100.00 


Pacific 


70.97 
10.33 
81.30 


4.54 
.79 

4.53 

.72 

10.58 


.98 
1.36 
2.64 

4.98 


.48 
.68 
.99 

2.15 

7.13 

17.71 

.99 

100.00 


Aver- 
age 


60.66 
18.77 
79.43 


6.49 
.74 

5.17 

.62 

13.02 


1.31 
1.43 
2.10 

4.84 


.40 
.55 
.72 

1.67 

6.51 

19.53 

1.04 

100.00 


United 
States 
aver- 
age 


57.26 
18.89 
76.15 


7.16 
.64 

7.45 

.38 

15.63 


4.23 

2.05 

.44 

6.72 


.16 
.19 
.14 

.49 

7.21 

22.84 

1.01 

100.00 


U.  S.  percentage  dis- 
tribution of  trucks 
and  truck  combina- 
tions by  type  of  opera- 
tion 


Total 


31.35 
2.79 

32.63 
1.68 

68.45 


18.50 
8.99 
1.94 

29.43 


.68 
.82 
.62 

2.12 

31.55 

100.00 


Private 


42.38 
3.70 

36.72 
1.54 

84.34 


10.16 

4.01 

.61 

14.78 


.48 
.19 
.21 


15.66 
100.00 


For- 
hire 


1.91 
.37 

21.68 

2.02 

25.98 


40.79 
22.31 

5.49 

68.59 


1.21 
2.49 
1.73 

5.43 

74.02 

100.00 


1  Less  than  0.005  percent. 


Travel  Increases 

The  ratio  of  traffic  volumes  on  main  rural 
roads  in  1950  to  the  corresponding  volumes 
in  1949  is  shown  in  table  2.  Highways  clas- 
sified under  the  term  "main"  include  about 
350,000  miles  and,  in  general,  are  those  of 
the  entire  State  systems.  In  such  States 
as  North  Carolina,  Pennsylvania,  and  Vir- 
ginia, where  all  or  a  large  part  of  the  rural- 
road  mileage  is  under  State  control,  only 
the  mileage  in  the  State  primary  system 
is    included.     The    consistent    increase    in 


travel  on  these  main  highways  by  most 
types  of  vehicles  and  in  all  sections  of  the 
country  is  evident  in  the  table. 

Travel  by  both  local  and  foreign  (out-of- 
State)  passenger  cars,  single-unit  trucks, 
and  truck  combinations  increased  in  all  re- 
gions. Travel  by  busses,  however,  decreased 
or  remained  about  the  same  in  four  regions, 
declining  slightly  for  the  United  States  as  a 
whole.  In  general,  travel  by  out-of-State 
passenger  cars  increased  more  than  that  by 
local  passenger  cars,  reflecting  a  higher  rate 
of  increase  for  tourist  travel,  which  is  con- 


sistent with  the  increased  percentage  for  the 
summer  peak,  already  noted. 

The  increase  in  travel  by  all  types  of 
freight-carrying  vehicles  amounted  to  18 
percent,  compared  to  7  percent  for  passen- 
ger cars.  Truck  registrations  increased  only 
7  percent,  and  greater  use  of  the  registered 
vehicles  is  therefore  indicated.  Perhaps  the 
most  significant  fact  shown  by  table  2  is 
that  travel  by  truck  combinations  increased 
much  faster  than  travel  by  single-unit 
trucks,  the  increase  by  these  heavier  vehi- 
cles amounting  to  33  percent. 
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Figure  3. — Average  weights  of  loaded  and  of  empty  trucks  and  truck  combinations  in  the  summers  of  1942-50  and  a  prewar  year. 
228  December  1951  •  PUBLIC  ROADS 


Table   4. — Average  weights  (in  pounds)  of  loaded  and  empty  trucks    and  truck  combinations,  by  vehicle  types,  in  the  summer  of  1950 


Vehicle  type 


Eastern  regions 


New 
England 


Middle 
Atlantic 


South 
Atlantic 


Average 


Central  regions 


East 
North 
Central 


Uast 
South 
Central 


West  West 
North  South 
Central     Central 


Average 


Western  regions 


Moun- 
tain 


Pacific 


Average 


United 
States 
average 


U.  S.  average 
by  type  of 
operation 


Private 


For-hire 


Average  Weights  of  Loaded  Vehicles 


Single-unit  trucks: 

Panel  and  pick-up 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  com- 
binations   


4,950 
6,419 

14,577 
29 , 566 
11,607 


38,666 

(') 
38,487 


19,539 


5,356 

8,072 

15,581 

31,246 

12,540 


41,731 
57,897 
41,802 


24,615 


4,805 

6,436 

13,007 

28,193 

10,536 


38,175 
38,169 


22,233 


5,038 

7,003 

14,288 

29,426 

11,490 


39,687 
43,308 
39,699 


22,851 


4,822 

6,737 

13,167 

27,291 

10,505 


38,888 
64,466 
40,374 


25,323 


5,373 

7,295 

14,575 

26,736 

11,979 


35,068 

,  •  068 


19,217 


5,105 

7,883 

14,025 

26,770 

10,841 


40,495 
25,365 
39,935 


19,895 


7,129 

6,720 

13,405 

27,252 

10,131 


38,316 
34,497 
38,231 


20,095 


5,735 

7,177 

13,712 

27,073 

10,739 


38,612 
54,572 

39,257 


22,009 


5,154 

7,144 

14,184 

32,279 

10,534 


46,859 
63,154 
49,013 


24,013 


4,351 

5,871 

12,815 

26 , 552 

10,219 


51,078 
56,069 
52,393 


29,358 


4,695 

6,148 

13,351 

27,748 

10,342 


49,721 
57,259 
51,423 


27,526 


5,370 

6,868 

13,853 

27,939 

10,902 


40,557 
56,111 
41,511 


23,188 


5,367 

6,701 

13,319 

26,974 

10,118 


39,225 
42,692 
39,431 


16,155 


5,467 
10,419 
16,375 
29,790 
16,574 


41,231 
62,694 
42,569 


36,938 


Average  Weights  of  Empty  Vehicles 


Single-unit  trucks: 

Panel  and  pick-up 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  com- 
binations  


4,166 
5,095 
8,506 
15,371 
6,655 


20,391 

(') 
20,392 


9,067 


4,329 
4,951 
8,944 
16,903 
6,976 


20,348 
24,144 
20,369 


10,422 


3,783 
5,081 
7,294 
13 , 526 
5,324 


18,843 

(') 
18,829 


8,142 


3,984 
5,012 
8,170 
15,063 
6,100 


19,656 
20,050 
19,658 


9,135 


3,802 
4,952 
7,740 
13,731 
5,880 


18,587 
25,611 

19,447 


10,147 


4,050 
5 ,  637 
7,749 
9,483 
5,586 


17,339 
i7i339 


7,190 


4,080 
5 ,  743 
7,970 
15,469 
5,928 


20,586 
13,232 
20,215 


8,505 


4,863 
5,126 
7,952 
16,957 
6,046 


18,971 
20,997 
19,035 


8,650 


4,236 
5,364 

7,848 

13,802 

5,861 


18,877 
23,390 
19,190 


8,719 


4,063 
5,108 
8,111 
15,377 
5,477 


23,833 
29,074 
24,960 


8,271 


3,746 

4,603 

7,911 

13,896 

5,757 


23,530 
27,513 
25,338 


11,183 


3,956 
4,879 
8,023 
14,521 
5,583 


23,683 
27,906 
25,181 


9,499 


4,122 
5,128 
7,979 
14,406 
5,904 


19,555 
25,601 
20,043 


8,953 


4,121 
5,078 
7,856 
14,152 
5,640 


19,265 
21,199 
19,364 


7,135 


4,185 
7,232 
8,455 
14,871 
8,593 


19,731 
27,176 
20,483 


16,336 


1  Data  omitted  because  of  insufficient  sample. 


Use  of  Truck  Combinations 

The  percentage  of  travel  by  vehicle  types 
on  main  rural  roads  in  1950  is  given  in  table 
3.  In  this  table  all  single-unit  trucks  are 
divided  into  classification  types  based  on  the 
axle  and  tire  arrangements,  while  the  truck 
combinations  are  classified  according  to  the 
total  number  of  axles  of  the  combination. 
The  classification  of  vehicles  into  these  types 
has  been  used  only  in  the  last  four  annual 
surveys.  It  has  several  advantages  over 
the  old  "light,  medium,  and  heavy"  group- 
ing, particularly  in  that  it  provides  more 


homogeneous  groupings  and  more  positive 
identification  of  the  types.  It  is  regrettable 
that  no  direct  comparison  can  be  made  by 
vehicle  types  between  the  old  and  the  new 
classifications,  or  between  data  collected  in 
1946  and  earlier  years  with  such  data  col- 
lected in  1947  and  thereafter,  but  the  con- 
venience and  advantages  of  the  new  system 
outweigh  the  disadvantages  caused  by  the 
change. 

The  data  in  table  3  indicate  that  in  1950 
truck  and  truck  combination  travel  was 
more  than  20  percent  of  the  total  travel  in 
all  but  the  New   England  and   Pacific  re- 


gions. It  was  between  20  and  26  percent  in 
all  of  the  remaining  regions  except  the  East 
South  Central  region,  where  it  was  well 
over  30  percent. 

A  comparison  with  the  same  table  in  the 
1949  report  shows  that  the  proportion  of 
trucks  was  higher  in  1950  than  in  1949  in 
every  region  except  the  Mountain  region, 
where  it  remained  about  the  same. 

The  table  indicates  that  the  usage  of  cer- 
tain types  of  freight-carrying  vehicles  va- 
ries in  different  sections.  For  instance,  the 
truck  and  trailer  combinations  with  six  or 
more  axles  and  the  truck-tractor  and  semi- 
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TRUCK    COMBINATIONS 


TRUCKS  ANDTRUCK  COMBINATIONS 


Figure  4. — Travel  on   main  rural  roads,   1936-50,   by  loaded  and  by  empty  trucks  and  truck  combinations. 
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Table    5. 


-Comparison  of  estimated  vehicle-miles  of  travel  on  main  rural  roads  in   1936, 
1941,   1946,    1949,  and  1950 


Year 

All 
vehicles, 
vehicle- 
miles 

Passenger  cars  and 
busses  ' 

All    trucks   and 
truck  combina- 
tions 

Single-unit 
trucks 

Truck  com- 
binations 

Percent- 
age of  all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 
trucks 
and 
truck 
com- 
bina- 
tions 

Vehicle- 
miles 

Percent- 
age of  all 
trucks 
and 
truck 
com- 
bina- 
tions 

Vehicle- 
miles 

1936    . 

Millions 
88.412 

122,505 
1.39 

124,149 
1.01 
1  .1,0 

159,379 

174,349 
1 .09 
1.1,2 
1.97 

82.6 
80.3 

.97 
80.4 
1.00 
.97 
78.8 
77.2 
.98 
.96 
.93 

Millions 
73.005 
98,320 

1  .35 

99.803 

1 .02 

1.37 

125.602 

134,528 

1.07 

1  .37 

1.8  A 

17.4 
19.7 
1.13 
19.6 

.99 
1.13 
21.2 
22.8 
1.08 
1.16 
1.31 

Millions 

15,407 

24.185 

1.57 
24,346 

1.01 

1.58 
33.777 
39,821 

1.18 

1.65 

2.58 

82.1 
78.8 

.96 
73.3 
.93 
.89 
71.9 
68.4 
.95 
.87 
.83 

Millions 
12 , 650 
19,057 

1.51 

17,838 

.94 

1.1,1 
24,295 
27,256 

1.12 

1.1,3 

2.15 

17.9 
21.2 

1.18 
26.7 
1.26 
1.1,9 
28.1 
31.6 
1  .12 
1. 49 
1  .77 

Millions 
2.757 
5,128 
1.86 
6,508 
1.27 
2.36 
9,482 

12.565 
1.33 
2.1,5 
4.56 

1941 

191,1:1936  ratio 

1946 

191,6:191,1  ratio 
191,6:1936  ratio 

1949 

1950 

1950:191,9  ratio 
1950:191,1  ratio 
1950:1936  ratio 

Trucks  and  Truck  Combinations  in  Private  Operation  2 

1936 

78.8 
77.2 
72.8 
.91, 
.92 

12,140 

26,077 

28,974 

1.11 

2.36 

86.7 
91.6 
89.7 
.98 
1.03 

10,963 

22,262 

24,438 

1.10 

2.23 

42.7 
40.2 
36.1 
.90 
.85 

1,177 

3,815 

4,536 

1.19 

3.85 

1949 

1950. . 

1950:  191,9  ratio .  .  .  . 

1950:1936  ratio 

Trucks  and  Truck  Combinations  in  For-Hire  Operation  2 

1936 

21.2 
22.8 
27.2 
1.19 
1.28 

3,267 
7,700 
10,847 
l.il 
3.32 

13.3 
8.4 

10.3 
1.23 
.77 

1,687 
2,033 
2,818 
1.39 

1.67 

57.3 
59.8 
63.9 
1.07 
1.12 

1,580 

5,667 

8,029 

1.1,2 

5.08 

1949.  . 

1950.  .    . 

1950:191,9  ratio. 

1950:1936  ratio 

1  Percentages  of  total  1950  travel  by  passenger  cars  and  by  busses  are  reported  separately  in  table  3. 
-  The  percentages  below  are  percentages  of  the  total  number  of  type  of  vehicle  indicated  in  the  uppermost 
column  head.    For  example,  86.7  percent  of  all  single-unit  trucks   in  1936  were  in  private  use. 


ages  for  the  light  panel  and  pick-up  trucks 
and  for  the  heavy  combination-type  vehicles. 
Over  42  percent  of  the  privately  operated 
trucks  were  of  the  panel  and  pick-up  type, 
while  less  than  2  percent  of  the  for-hire 
vehicles  were  of  this  type.  On  the  other 
hand,  less  than  16  percent  of  the  privately 
operated  vehicles  were  truck  combinations 
while  74  percent  of  the  for-hire  vehicles 
were  combinations. 

Average    Weights   Increase 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations,  separately 
and  combined,  are  shown  graphically  in 
figure  3  for  each  year  from  1942  to  1950, 
inclusive,  and  for  a  prewar  year,  generally 
1936  or  1937.  The  weights  of  single-unit 
trucks,  both  loaded  and  empty,  increased 
each  year  from  the  1936-37  period  through 
1945,  then  decreased  somewhat  or  leveled 
off  to  an  average  amount  slightly  less  than 
11,000  pounds  for  loaded  vehicles  and 
slightly  less  than  6,000  pounds  for  empty 
vehicles.  At  the  same  time  weights  of  truck 
combinations,  both  loaded  and  empty,  have 
increased  each  year  during  the  period 
shown.  The  increase  in  average  weight  of 
loaded  combinations  from  the  1936-37 
period  to  1950  was  over  55  percent,  com- 
pared to  11  percent  for  single-unit  trucks. 

The  increase  for  all  loaded  trucks  and 
truck  combinations  combined  was  80  percent. 


trailer  combinations  with  five  or  more  axles 
are  used  far  more  frequently  in  the  Pacific 
region  than  in  any  other  area.  Combina- 
tions involving  trailers  are  used  much  less 
in  the  East  South  Central  region  and  in  the 
three  eastern  regions  than  in  other  sections. 
The  use  of  combination-type  vehicles  has 
increased  steadily  in  all  regions  in  the  last 
5  years,  the  Nation-wide  percentages  of 
total  travel  being  7.21  in  1950,  5.95  in  1949, 
5.84  in  1948,  5.73  in  1947,  and  5.26  in  1946. 

Private  and  For-Hire  Traffic 

In  the  survey  conducted  in  1950  informa- 
tion was  gathered  in  most  of  the  partici- 
pating States  concerning  the  use  classifi- 
cation under  which  each  vehicle  was  being 
operated.  The  data  were  reported  sepa- 
rately for  private  and  for-hire  vehicles  of 
each  type,  making  possible  the  calculation 
of  vehicle-mileages,  ton-mileages,  and  other 
items  concerning  traffic  on  the  main  rural 
roads  by  the  various  types  of  trucks  and 
truck  combinations  operated  privately  and 
operated  for-hire. 

In  the  last  two  columns  of  table  3  are 
shown  the  percentage  distributions  of  pri- 
vate and  for-hire  trucks  and  combinations, 
by  vehicle  type.  In  general  the  lighter 
types  of  vehicles  predominate  in  the  private 
classification  and,  conversely,  the  heavier 
vehicles  constitute  a  much  higher  propor- 
tion of  the  for-hire  vehicles.  This  dif- 
ference is  especially  marked  in  the  percent- 


Figure   5. — Average   load   carried   by   trucks   and    truck   combinations   on 
main   rural   roads,    1936-1950. 
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It  will  be  noted  that  the  average  weight  of 
the  loaded  single-unit  trucks  was  somewhat 
less  than  twice  the  average  weight  of  the 
empty  vehicles  of  this  type,  while  the  aver- 
age weight  of  the  loaded  combinations  was 
just  about  twice  the  average  weight  of  the 
empty  combinations.  In  the  case  of  the 
vehicles  of  both  types  combined,  the  loaded 
vehicles  included  a  higher  proportion  of 
combinations  than  the  empty  vehicles,  since 
combinations  are  more  often  loaded,  and  the 
average  weight  of  the  loaded  trucks  and 
combinations  was  therefore  considerably 
more  than  twice  the  average  weight  of  the 
empty  vehicles  of  both  types. 

The  average  weights  of  the  various  types 
of  loaded  and  empty  trucks  and  truck  com- 
binations in  the  summer  of  1950  are  shown 
in  table  4  for  the  different  regions.  This 
table  brings  out  clearly  the  important  dif- 
ferences that  exist  in  the  weight  characteris- 
tics of  the  vehicles  in  the  different  groups. 
It  will  be  noted,  for  example,  that  for  the 
United  States  as  a  whole,  the  loaded  three- 
axle,  single-unit  trucks  weighed  about  twice 
as  much  as  the  two-axle,  six-tire  trucks. 
The  latter,  in  turn,  weighed  about  twice  as 
much  as  the  two-axle,  four-tire  trucks. 
Similar  differences  existed  throughout  the 
various  classifications.  On  the  other  hand, 
the  regional  differences  in  average  weight 
for  each  of  the  vehicle  types  that  are  com- 
mon throughout  the  country  are  surpris- 
ingly small.  The  rather  low  weights  of 
truck  and  trailer  combinations  in  the  West 
North  Central  and  West  South  Central  re- 
gions indicate  a  predominance  of  small, 
home-made  trailers  of  low  capacity. 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations  operated  pri- 
vately and  for-hire  in  the  summer  of  1950 
are  shown  in  the  last  two  columns  of  table 
4.  The  for-hire  vehicles,  when  compared  by 
types,  are  generally  heavier  than  those 
operated  privately,  and  the  average  weight 
of  all  types  of  for-hire  vehicles,  either 
loaded  or  empty,  is  more  than  twice  the 
average  of  the  privately  operated  vehicles. 
It  was  shown  in  table  3  that  most  of  the  pri- 
vate vehicles  consisted  of  small  single-unit 
trucks  while  most  of  the  for-hire  vehicles 
consisted  of  the  heavy  truck  combinations. 
This  decided  difference  in  the  distributions 
of  sizes  of  vehicles  in  the  two  operation 
classes  accounts  for  the  great  difference  be- 
tween their  average  weights. 

Truck   Travel   Increases 

Figure  4  shows  the  estimated  vehicle- 
mileage  of  travel  by  loaded  and  empty 
single-unit  trucks  and  truck  combinations, 
separately  and  combined,  on  main  rural 
roads,  for  each  year  from  1936  to  1950,  in- 
clusive. This  chart  demonstrates  graphi- 
cally the  steady  growth  of  truck  traffic 
during  the  prewar  years  1936-41,  the  tem- 
porary effect  of  wartime  restrictions  in  the 
period     1942-45,    and    the    remarkable    in- 


Figure  6. — Ton-miles  carried  by  trucks  and  truck  combinations  on  main 
rural   roads,   1936-1950. 


creases  in  truck  transportation  that  have 
occurred  since  the  end  of  hostilities  in  1945. 
Table  5  gives  comparisons  of  the  esti- 
mated vehicle-mileage  of  travel  by  vehicles 
of  different  types  on  all  main  rural  roads 
in  1936,  the  earliest  year  for  which  compre- 
hensive travel  and  weight  data  are  avail- 
able; in  1941,  the  peak  prewar  year,  5  years 
after  the  beginning  of  the  surveys;  in  1946, 
10  years  after  the  beginning  of  the  surveys ; 
and  in  1949  and  1950.  The  ratios  of  1950 
travel  to  that  of  the  preceding  years  indi- 
cate that  increases  for  trucks  and  truck 
combinations  generally  were  greater  than 
for  passenger  cars  and  busses,  and  that  in- 
creases for  truck  combinations  were  greater 
than  for  single-unit  trucks.  In  the  14  years 
from  1936  to  1950,  passenger-car  and  bus 
travel  combined  increased  84  percent,  travel 
by  all  trucks  and  combinations  more  than 
doubled,  increasing  158  percent,  and  travel 


by  truck  combinations  (considered  sepa- 
rately) more  than  quadrupled,  increasing 
356  percent. 

The  lower  portion  of  table  5  gives  com- 
parisons of  the  estimated  vehicle-mileage  of 
travel  in  1936,  1949,  and  1950  by  privately 
operated  trucks  and  truck  combinations,  and 
by  those  operated  for-hire.  Travel  by  for- 
hire  vehicles  increased  somewhat  more  than 
travel  by  private  vehicles,  the  1950:1936 
ratio  being  3.32  in  the  case  of  for-hire  vehi- 
cles and  2.36  in  the  case  of  private  vehicles. 
Most  of  the  increase  in  for-hire  vehicle 
travel  was  by  truck  combinations,  there  be- 
ing only  a  67-percent  increase  in  the  for- 
hire  vehicle-mileage  by  single-unit  trucks 
compared  to  a  408-percent  increase  by  com- 
binations. In  the  case  of  the  private  vehi- 
cles, on  the  other  hand,  there  were  substan- 
tial increases  in  the  vehicle-mileage  by  both 
types,  the  increase  in  the  combinations,  how- 
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Table  6. — Comparison  of  the  estimated  percentage  of  trucks  and  truck  combinations 
loaded,  average  carried  load,  and  ton-miles  carried  on  main  rural  roads  in  1936, 
1941,  1946,  1949,  and  1950. 


Year 


1936 

1941 

191,1:1936  ratio. 

1946 

191,6:191,1  ratio. 
1 91,6:1 9S6  ratio. 

1949 

1950 

1950:191,9  ratio. 
1950:191,1  ratio. 
1950:1936  ratio. 


All  trucks  and  truck 
combinations 


Per- 
centage 
loaded 


62.8 
66.7 

1.06 
51.7 
.78 
.82 
51.6 
53.9 
1.01, 
.81 
.86 


Average 
weight 

of 

carried 

load 


Tons 
2.90 
3.64 
1.26 
4.84 
1.33 
1.67 
5.11 
5.64 
1.10 
1.55 
1.91, 


Ton- 
miles 
carried 


Millions 
28.005 
58,737 

2.10 

60,892 

1.01, 

2.17 

89,100 

121,091 

1.36 

2.06 

4.32 


Single-unit  trucks 


Per- 
centage 
loaded 


60.7 
65.4 

1.08 
46.4 
.71 
.76 
46.1 
47.2 
1.02 
.72 
.78 


Average 
weight 

of 

carried 

load 


Tons 
1.86 
2.29 
1  . 23 
2.31 
1.01 
1.21, 
2.29 
2.31 
1.01 
1.01 
1.21, 


Ton- 
miles 
carried 


Millions 
14,258 
28,487 

2.00 

19,101 

.67 

1.31, 

25,639 

29,645 

1.16 

1.01, 

2.08 


Truck  combinations 


Per- 
centage 
loaded 


72.2 
71.6 

.99 
66.2 

.92 

.92 
65.7 
68.5 
1.01, 

.96 
■  .95 


Average 
weight 

of 

carried 

load 


Tons 
6.90 
8.23 
1.19 
9.70 
1.18 
I. hi 
10.19 
10.62 
1. 01, 
1.29 
1.51, 


Ton- 
miles 
carried 


Millions 

13,747 

30,250 

2.20 
41,791 

1.38 

3.01, 
63,461 
91,446 

l.U 

3.02 

6.65 


Trucks  and  Truck  Combinations  in  Private  Operation 


1936 

1949 

1950 

1950:191,9  ratio. 
1950:1936  ratio. 


60.3 

47.6 
49.1 
1.03 
.81 


2.20 
3.48 
3.69 
1.06 
1.68 


16,094 

43,231 

52,509 

1.21 

3.26 


59.8 
45.3 
46.2 
1.02 
.77 


1.71 
2.10 
2.07 
.99 
1.21 


11,180 

21,193 

23,370 

1.10 

2.09 


65.5 
61.2 
64.5 
1.05 
.98 


6.37 
9.43 
9.96 
1.06 
1.56 


4,914 

22,038 

29,139 

1.32 

5.93 


Trucks  and  Truck  Combinations  in  For-hire  Operation 


1936 

1949 

1950 

1950:191,9  ratio. 
1950:1936  ratio. 


71.9 

5.07 

11,911 

66.4 

2.73 

3,078 

77.3 

7.23 

65.1 

9.16 

45,869 

55.1 

3.97 

4,446 

68.7 

10.65 

66.8 

9.46 

68 , 582 

55.5 

4.01 

6,275 

70.8 

10.97 

1.03 

1.03 

1.50 

1.01 

1.01 

1.U1 

1.03 

1.03 

.93 

1.87 

5.76 

.81, 

1.1,7 

2.01, 

.92 

1.52 

8,833 
41,423 
62,307 

1.50 

7.05 


Table  7. — Percentage  of  vehicle-miles  of  travel,  percentage  loaded,  average  carried  load, 
and  percentage  of  total  ton-miles  carried  by  various  types  of  trucks  and  truck  combi- 
nations on  main  rural  roads  in  1950  compared  to  that  in  corresponding  months  of  1949 


Vehicle  type 

Percentage  of  ve- 
hicle-miles    of 
travel 

Percentage 
loaded  % 

Average  carried 
load 

Percentage    of 
ton-miles  carried 

1950 

1949 

1950 

1949 

1950 

1949 

1950 

1949 

Single-unit  trucks: 

Panel  and  pick-up 

31.35 
2.79 

32.63 
1.68 

68.45 

29.43 

2.12 

31.55 

100.00 

31.55 
3.46 

35.34 
1.58 

71.93 

26.57 

1.50 

28.07 

100.00 

37.4 
52.4 
55.9 
58.3 

47.2 

68.9 
62.3 
68.5 

53.9 

35.9 

49.4 
54.5 
54.8 
46.1 

65.8 
63.4 
65.7 

51.6 

Tons 

0.69 
.93 
3.20 
7.23 
2.31 

10.32 
15.32 
10.62 

5.64 

Tons 

0.64 
.78 
3.17 
7.23 
2.29 

9.95 
14.69 
10.19 

5.11 

2.65 

.45 

19.06 

2.32 

24.48 

68.87 

6.65 

75.52 

100.00 

2.75 

.50 

23.15 

2.38 
28.78 

65.91 

5.31 

71.22 

100.00 

Other  2-axle,  6-tire 

All  single-unit  trucks 

Truck  combinations: 

Truck -tractor  and  semitrailer. .  . 

Trucks  an 

t>  Truck  Combinai 

■ions  in  Private  C 

PERATION 

Single-unit  trucks: 

42.38 
3.70 

36.72 
1.54 

84.34 

14.78 

.88 

15.66 

100.00 

40.36 
4.38 

39.18 
1.45 

85.37 

13.85 

.78 

14.63 

100.00 

37.0 

51.7 
55.8 
57.1 
46.2 

64.3 
67.8 
64.5 

49.1 

35.7 
49.4 
54.4 
53.4 
45.3 

61.1 
63.6 
61.2 

47.6 

0.69 

.87 
3.03 
6.99 
2.07 

9.88 

11.21 

9.96 

3.69 

0.63 
.74 
3.06 
7.11 
2.10 

9.39 

10.08 

9.43 

3.48 

5.96 

.92 

34.23 

3.40 

44.51 

51.80 

3.69 

55.49 

100.00 

5.45 

.96 

39.28 

3.33 
49.02 

47.98 

3.00 

50.98 

100.00 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Truck  combinations: 

Truck-tractor  and  semitrailer. .  . 

Trucks  an 

o  Truck  Combinat 

IONS  IN  FOR-HlRE 

DPERATIO 

*] 

Single-unit    trucks : 

Panel  and  pick-up 

1.91 

.37 

21.68 

2.02 
25.98 

68.59 

5.43 

74.02 

100.00 

1.68 

.33 

22.36 

2.03 
26.40 

69.63 

3.97 

73.60 

100.00 

58.8 
70.3 
54.5 
60.8 
55.5 

71.6 
59.9 
70.8 

66.8 

48.1 
47.8 
55.4 
58.1 
55.1 

69.0 
63.2 
68.7 

65.1 

0.65 
2.12 
3.99 
7.68 
4.01 

10.55 
17.34 
10.97 

9.46 

1.42 
2.76 
3.82 
7.52 
3.97 

10.27 
17.75 
10.65 

9.16 

0.11 
.09 
7.45 
1.50 
9.15 

81.93 

8.92 

90.85 

100.00 

0.19 
.07 
7.94 
1.49 
9.69 

82.82 

7.49 

90.31 

100.00 

Other  2-axle,  4-tire 

3-axle 

Truck  combinations: 

Truck-tractor  and  semitrailer. .  . 

All  trucks  and  combinations 

ever,  being  much  less  than  in  the  case  of 
the  for-hire  vehicles. 

Volume  of  Highway  Freight 

Figure  5  gives  a  comparison  of  the  aver- 
age load  carried  by  single-unit  trucks  and 
truck  combinations,  separately  and  com- 
bined, in  the  15  years  that  the  planning  sur- 
veys have  been  operating.  The  general 
trend  of  load  weights  was  upward  through- 
out the  period.  The  slight  decline  in  the 
weights  of  loads  carried  by  single-unit 
trucks  since  1945  has  been  more  than  offset 
by  the  increased  use  of  combinations  and  the 
increased  weights  of  loads  carried  by  vehi- 
cles of  this  type. 

Figure  6  shows,  for  each  year  from  1936 
through  1950,  the  ton-mileage  of  freight 
carried  by  trucks  and  truck  combinations  on 
main  rural  roads.  The  chart  demonstrates 
clearly  that  truck  combinations  are  trans- 
porting each  year  a  larger  proportion  of  the 
total  amount  of  highway  freight.  In  1936 
the  truck  combinations  hauled  slightly  less 
ton-mileage  than  the  single-unit  trucks, 
while  in  1950  they  hauled  more  than  triple 
the  amount  transported  by  the  larger  num- 
ber of  lighter  vehicles.  The  rapid  rate  of 
annual  increase  in  total  freight  carried 
which  took  place  in  1946  and  1947  was  re- 
duced somewhat  in  1948  and  1949  to  a  rate 
of  increase  more  nearly  comparable  with 
that  of  prewar  years.  In  1950,  however, 
defense  preparations  appear  to  have  been 
the  cause  of  a  rather  startling  increase  in 
freight  ton-mileage,  somewhat  similar  to  the 
rapid  increase  that  occurred  in  1941. 

In  table  6  are  shown  comparisons  of  the 
percentage  of  vehicles  carrying  loads,  the 
average  carried  load,  and  the  ton-mileage 
carried  for  single-unit  trucks  and  truck 
combinations,  separately  and  combined,  in 
1950  with  corresponding  items  for  other 
years,  as  in  table  5.  The  trend  from  1936 
to  1950  of  average  weight  carried,  shown 
graphically  in  figure  5,  and  that  of  the  ton- 
mileage  transported  during  the  same  period, 
shown  in  figure  6,  have  already  been  dis- 
cussed. 

The  percentage  of  trucks  and  truck  com- 
binations carrying  loads  increased  notice- 
ably from  1949  to  1950  in  all  regions  except 
the  West  North  Central  region  where  a 
slight  decrease  of  this  factor  was  found. 
In  the  country  as  a  whole,  the  percentage 
loaded  increased  from  51.6  percent  in  1949 
to  53.9  percent  in  1950,  an  important  fac- 
tor in  the  striking  increase  in  ton-mileage. 
Both  for  single-unit  trucks  and  for  truck 
combinations,  the  percentage  loaded  was 
higher  in  1950  than  in  1949,  and,  in  the  case 
of  truck  combinations,  was  higher  than  in 
any  year  since  1945.  However,  the  loaded 
proportion  was  considerably  less  for  each  of 
the  two  vehicle  types  than  in  the  prewar 
surveys. 

The  lower  portion  of  table  6  shows  com- 
parisons of  the  percentage  loaded,  average 
carried  load,  and  ton-mileage  for  single-unit 
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trucks,  truck  combinations,  and  the  two 
types  of  vehicles  combined,  when  operated 
as  private  and  as  for-hire  vehicles.  A  con- 
siderably larger  percentage  of  the  for-hire 
vehicles  are  loaded  and  the  loads  carried 
by  these  vehicles  are  much  heavier  than  in 
the  case  of  the  privately  operated  vehicles. 
Single-unit  trucks  transport  an  important 
part  of  the  freight  moved  in  privately  oper- 
ated vehicles,  but  only  a  minor  part  of  the 
freight  moved  in  for-hire  vehicles. 

The  first  part  of  table  7  gives  a  detailed 
comparison  of  the  percentage  of  vehicle- 
miles  of  travel,  percentage  of  vehicles 
loaded,  average  carried  load,  and  percent- 
age of  total  ton-miles  of  freight  carried  by 
the  various  types  of  trucks  and  truck  com- 
binations traveling  on  main  rural  roads  in 
1949  and  1950.  Many  interesting  compari- 
sons can  be  made  from  this  table  showing 
the  relative  importance  from  a  freight-car- 
rying standpoint  of  different  portions  of  the 
traffic  stream.  In  1950,  for  instance,  while 
panel  and  pick-up  trucks  traveled  more  than 
31  percent  of  the  vehicle-mileage,  they  ac- 
counted for  less  than  3  percent  of  the 
ton-mileage.  The  truck-tractor  and  semi- 
trailers, on  the  other  hand,  traveled  about  29 
percent  of  the  vehicle-mileage  but  carried 
almost  69  percent  of  the  ton-mileage. 

From  the  columns  in  table  7  showing  the 
percentage  loaded,  by  types,  it  can  be  ob- 
served that  the  percentage  of  vehicles  car- 
rying loads  tends  to  increase  directly  as  the 
size  of  the  vehicle  type,  extending  from  light 
panel  and  pick-up  trucks  that  are  loaded  37 
percent  of  the  time  to  the  heavy  combina- 
tions that  are  loaded  about  69  percent  of  the 
time. 

The  lower  portion  of  table  7  shows  the 
same  information  separately  for  private  and 
for-hire  trucks.  A  comparison  of  vehicle- 
mileage  percentage  with  ton-mileage  per- 
centage, by  operating  classes,  shows  that 
single-unit  trucks,  privately  operated,  trav- 
eled over  84  percent  of  the  vehicle-mileage 
while  transporting  only  about  44  percent 
of  the  freight  moved  in  privately  operated 
vehicles.  At  the  same  time,  for-hire  single- 
unit  trucks  traveled  about  26  percent  of  the 
total  for-hire  vehicle-mileage  and  carried 
only  about  9  percent  of  the  total  ton-mileage 
moved  by  the  for-hire  vehicles.  The  heavy 
vehicle  combinations,  privately  operated, 
traveled  about  16  percent  of  the  total  mile- 
age and  carried  over  55  percent  of  the 
freight  moved  by  privately  operated  ve- 
hicles, while  the  for-hire  combinations  trav- 
eled slightly  more  than  74  percent  of  the 
total  vehicle-mileage  of  all  for-hire  vehicles 
and  carried  almost  91  percent  of  the  freight 
transported  by  all  vehicles  in  this  class. 

Gross   Weights  Increase  Sharply 

Figure  7  shows  by  years,  from  the  pre- 
war years  (generally  1936  or  1937)  to  1950, 
for  the  United  States  as  a  whole,  the  fre- 
quency of  gross  weights  of  30,000  pounds 
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TRUCKS  WEIGHING  40,000  POUNDS  OR  MORE 
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Figure  7. — Number  of  heavy  gross  weights  per  1,000  trucks  and  truck  combina- 
tions (empties  included)  in  the  summers  of  1942-50  and  a  prewar  year. 


or  more,  of  40,000  pounds  or  more,  and 
50,000  pounds  or  more.  The  chart  shows 
strikingly  how  the  frequency  of  heavy  loads 
soared  upward  in  1950,  reaching  amounts 
for  the  various  weights  considerably  above 
any  previous  levels.  For  instance,  the  fre- 
quency of  the  loads  of  30,000  pounds  or 
more  was  26  percent  higher  than  in  1949 
and  almost  30  percent  higher  than  in  1945, 
the  previous  year  of  highest  frequency  of 
such  loads.  The  increase  in  loads  of  50,000 
pounds  or  more  was  even  more  startling, 
the  frequency  being  61  percent  above  the 
1949  figure  and  152  percent  above  the  1945 
figure.  These  heavy  loads  were  over  19 
times  as  frequent  in  1950  as  in  the  prewar 
year,  loads  of  40,000  pounds  or  more  were 
10  times  as  frequent,  and  those  of  30,000 
pounds  or  more  were  over  4  times  as  fre- 
quent as  in  the  1936-37  period. 

The  1950  gross-weight  frequency  data  by 
vehicle  type  and  region  are  presented  in 
table  8.  No  panels,  pick-ups,  or  other  two- 
axle,  four-tire,  single-unit  trucks  were  found 
in  the  survey  weighing  as  much  as  30,000 
pounds,  so  there  is  no  entry  for  these  ve- 
hicles in  the  table,  though  they  are  included 
in  the  total  number  of  vehicles  weighed  in 
computing  the  frequencies  for  all  trucks  and 
combinations.  Heavy  gross  weights  are 
much  more  frequent  in  the  Pacific  region 
than  in  other  parts  of  the  country.     In  this 


region  176  of  each  1,000  trucks  and  truck 
combinations  on  the  main  rural  highways  in 
1950,  empties  included,  weighed  50,000 
pounds  or  more  and  289  of  each  1,000 
weighed  30,000  pounds  or  more.  In  the 
East  North  Central  region,  251  of  each 
1,000  trucks  and  truck  combinations  weighed 
30,000  pounds  or  more — almost  as  many  as 
in  the  Pacific  region — but  only  78  of  each 
1,000  vehicles  weighed  50,000  pounds  or 
more,  a  frequency  less  than  half  of  that  in 
the  Pacific  region  for  this  heavy  class  of 
vehicle.  The  lowest  frequency  of  heavy 
gross  loads  was  found  in  the  East  South 
Central  region  where  only  7  of  each  1,000 
weighed  50,000  pounds  or  more  and  only 
102  of  each  1,000  weighed  30,000  pounds  or 
more. 

As  was  pointed  out  in  the  discussion  of 
figure  7,  the  frequencies  of  heavy  gross 
loads  have  increased  sharply  in  the  Nation 
as  a  whole.  This  increase  is  not  limited  to 
any  certain  area  but  is  distributed  through- 
out the  entire  country.  Comparing  the  fre- 
quencies of  gross  weights  of  30,000  pounds 
or  more,  40,000  pounds  or  more,  and  50,000 
pounds  or  more  found  in  the  1950  surveys 
with  such  frequencies  found  in  1949,  in- 
creases are  found,  without  exception,  in 
every  region.  For  instance,  in  the  East 
South  Central  region,  where  heavy  gross 
loads    are    somewhat    infrequent,    the    fre- 
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Table  8. — Heavy  gross  weights  per  1,000  loaded  anc 

empty 

trucks 

and  truck  com 

binations  on  main  rural  roads,  summer  of  1950 

Vehicle  type 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

Number  per  1,000  Weighing  30,000  Pounds  or  More 

Single-unit  trucks: 

16 

280 

15 

521 

0 

518 

137 
117 

27 

284 

22 

606 

(2) 
606 

221 
191 

1 

327 

9 

540 
(2) 
539 

177 
130 

14 

305 

15 

566 

566 

189 
153 

1 

303 

10 

575 
585 
576 

251 
208 

1 
236 

4 

473 

0 

473 

102 

87 

(') 
286 
5 

571 
172 
554 

142 
139 

1 

264 

3 

522 
306 
516 

146 
107 

1 

283 
6 

549 
491 
546 

170 
144 

3 

407 
12 

600 
743 
622 

160 
118 

234 

16 

688 
710 
695 

289 

176 

2 

281 

14 

656 
717 
672 

233 
147 

5 

289 

10 

568 
622 
572 

187 
148 

3-axle .  .                                 

Truck  combinations: 

Average,  all  trucks  and  combinations 

Number  per  1,000  Weighing  40,000  Pounds  or  More 

Single-unit  trucks: 

1 

104 

3 

315 

0 

313 

78 
66 

2 

137 

4 

387 
(2) 
388 

135 
120 

0 

59 

2 

298 

(2) 
297 

95 
71 

1 

93 

3 

337 

337 

109 
90 

0 
13 

(') 

314 
505 
329 

140 
105 

0 

4 
(') 

215 

0 

215 

45 
36 

0 
21 

(') 

337 
142 
328 

82 

77 

0 

97 
1 

283 
225 
281 

79 
54 

0 

24 
(') 

299 
418 
304 

95 
73 

1 

117 
4 

410 
505 
425 

106 

75 

0 

21 

1 

547 
486 
529 

214 
121 

1 

47 

3 

498 
490 
496 

167 
97 

(') 
52 
2 

336 

459 
345 

110 
82 

3-axle . .                                             

Truck  combinations: 

Average,  all  trucks  and  combinations 

Number  per  1,000  Weighing  50,000  Pounds  or  More 

Single-unit  trucks: 

0 
9 

I1) 

99 

0 

98 

24 
15 

0 

45 
1 

181 
(2) 
183 

63 
52 

0 
0 
0 

86 

(2) 
87 

28 
21 

0 
18 

(') 

128 

C-) 

129 

41 
33 

0 
13 

(') 

158 
476 
183 

78 
48 

0 
0 
0 

35 

0 

35 

7 
6 

0 
6 

(') 

176 
121 
174 

44 
32 

0 
10 

119 
225 
122 

34 
18 

0 

9 
(') 

137 
393 

150 

47 
29 

1 

20 
1 

287 
439 
311 

76 
51 

0 
4 
C) 

443 
424 
437 

176 
99 

8 

1 

387 
427 
397 

133 

75 

(') 

12 
(') 

165 
412 
182 

58 
36 

3-axle .    .             

Truck  combinations: 

Comparative  average,  1949 

Less  than  5  per  10,000. 

Data  omitted  because  of  insufficient  sample. 


quencies  of  loads  of  40,000  pounds  or  more 
increased  from  36  in  1949  to  45  in  1950;  in 
the  Pacific  region  the  loads  of  50,000  pounds 
or  more  increased  from  99  in  1949  to  176  in 
1950  for  each  1,000  vehicles.  The  general 
prevalence  of  the  heavier  loads  on  the  high- 
ways of  all  sections  of  the  country  gives  a 
partial  explanation  of  the  large  increase 
found  in  the  ton-mileage  of  freight  carried 
in  1950  compared  to  that  carried  in  1949. 

Frequency  of  Heavy  Axle  Loads 

Figure  8  shows  the  frequency  of  axle 
loads  of  18,000  pounds  or  more,  20,000 
pounds  or  more,  and  of  22,000  pounds  or 
more  for  the  prewar  years  (1936-37)  and 
by  years  from  1942  to  1950.  The  frequency 
of  these  heavy  axle  loads  increased  year 
by  year  from  the  prewar  period  through 
1948.  The  frequencies  for  1949  were  slight- 
ly lower  than  those  found  in  1948  yet  they 
were  higher  than  in  any  other  previous 
year.  The  frequencies  for  1950  are  higher 
than  those  found  in  1949,  and  the  fre- 
quency   of    axles    weighing    18,000    pounds 


Figure  H. — Number  of  heavy  axle  loads  per 
1,000  trucks  and  truck  combinations 
(empties  included)  in  the  summer  of 
1942-50   and   a   prewar   year. 
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Table   9. — Heavy  axle  loads  per  1,000  loaded  and 

empty 

trucks 

ami  truck  com 

binations  on  main  rural  roads 

,  summer  of  1950 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

Vehicle  type 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pa- 
cific 

Average 

Number  per  1,000  Weighing  18,000  Pounds  or  More 

Single-unit  trucks: 

2-axle,  4-tire 

0 

46 

107 

28 

484 

0 

480 

137 
124 

9 

74 

179 

46 

524 
345 
523 

208 
195 

0 
22 
63 
12 

289 

0 

288 

100 
99 

4 

47 

111 

27 

407 
169 
406 

147 
140 

8 
15 
39 

9 

204 
403 
219 

98 
89 

35 
43 

18 

236 

0 

236 

63 
50 

0 

9 

20 

5 

165 
160 
165 

45 
50 

0 
17 
78 

7 

227 

222 

67 
51 

2 
18 
41 

9 

206 
323 
212 

72 
63 

0 
25 

154 
13 

316 
212 
299 

83 

57 

0 
32 
26 
15 

177 
82 
148 

69 
37 

0 
29 

61 
14 

227 
107 
196 

75 
48 

3 
29 
68 
16 

276 

193 
271 

96 
86 

2-axle,  6-tire 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Comparative  average,  1949 

Number  per  1,000  Weighing  20,000  Pounds  or  More 

Single-unit  trucks: 

2-axle,  4-tire 

0 
31 
43 

18 

286 

0 

284 

82 
73 

5 

47 
73 

28 

333 

0 

331 

131 
118 

0 
6 
11 
3 

115 
0 

114 

38 

46 

2 
27 
38 
15 

223 

0 

222 

80 
78 

0 

2 

26 

2 

50 
40 
49 

22 
27 

10 
4 
5 

70 
0 

70 

19 
18 

0 

3 

12 

1 

44 
37 
44 

12 
12 

0 

7 

3 

77 

0 

75 

23 
18 

5 
16 
3 

58 
35 
56 

19 
20 

0 
6 

72 
4 

144 

74 

133 

35 
26 

0 

7 
7 

t 

46 
10 
35 

16 
6 

0 

6 

25 

4 

81 
22 
66 

24 
16 

1 
12 
25 

7 

116 
27 
110 

39 
38 

2-axle,  6-tire 

3-axle 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  all  trucks  and  combinations 

Comparative  average,  1949 

Number  per  1,000  Weighing  22,000  Pounds  or  More 

Single-unit  trucks: 

0 
19 

3 
11 

129 

0 

128 

39 
33 

5 
27 
51 
17 

204 

0 

203 

80 
65 

0 
2 
1 

1 

38 

0 

38 

13 
18 

2 
15 
20 

8 

117 

0 

116 

42 
39 

0 

1 

26 

1 

15 
12 
15 

7 
9 

3 
0 
1 

18 

0 

18 

5 
5 

0 
1 
6 
1 

10 
34 
11 

3 
3 

0 
2 
0 

1 

x       31 

0 

30 

9 
6 

1 

14 
1 

18 
14 
18 

6 
6 

0 

2 

19 

1 

67 
43 
64 

16 
11 

0 
2 
0 

1 

7 
1 

5 

3 
2 

0 
2 
5 
1 

29 
10 
24 

9 
6 

1 
6 
13 
3 

53 
11 
50 

18 
17 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Average 

1  Less  than  5  per  10.000. 


:  Data  omitted  because  of  insufficient  sample. 


or  more  is  higher  than  in  1948,  the  previous 
high  figure  for  that  weight.  The  frequen- 
cies of  axle  loads  weighing  20,000  pounds 
or  more  and  those  weighing  22,000  pounds 
or  more,  however,  are  lower  in  1950  than 
in  1948.  Altogether,  the  leveling  off  in 
the  frequency  of  the  heavier  axle  loads  may 
possibly  indicate  that,  although  gross  loads 
have  increased  sharply,  more  attention  is 
being  given  to  proper  load  distribution  and 
that  there  is  better  observance  of  the  axle- 
load  restrictions. 

Table  9  gives  data  concerning  the  number 
of  heavy  axle  loads  per  1,000  loaded  and 
empty  trucks  and  truck  combinations  of 
various  types  on  the  main  rural  roads  by 
regions  in  1950.  Since  no  panel  or  pick-up 
trucks  were  found  with  axles  weighing 
18,000  pounds  or  more,  there  is  no  entry 
for  these  in  the  table  though  they  are  in- 
cluded in  figuring  the  frequencies  for  all 
trucks  and  truck  combinations. 

Though  the  greatest  frequency  of  heavy 
gross  weights  is  in  the  Pacific  region,  as 
was  shown  in  table  8,  the  lowest  frequency 
of  heavy  axle  loads  is  shared  by  that  region 
with  the  West  North  Central  region.  In 
each  of  these  two  regions  only  three  axles 
of  22,000  pounds  or  more  were  found  in 
1950  for  each  1,000  vehicles  weighed.     By 


far  the  greatest  frequency  of  heavy  axle 
loads  was  in  the  Middle  Atlantic  region  and 
the  next  greatest  in  New  England.  In  these 
two  regions  the  relatively  high  frequency 
is  attributable  mainly  to  the  large  number 
of  two-axle  truck-tractors  pulling  one-axle 
or  two-axle  semitrailers.  The  relative  in- 
frequency  of  heavy  axles  in  the  Pacific 
region,  in  the  presence  of  a  large  propor- 
tion of  heavy  gross  loads,  indicates  a  better 
distribution  of  the  loads  over  a  larger  num- 
ber of  axles. 

Although  the  frequency  of  heavy  gross 
loads  has  increased  considerably  and  in  all 
regions,  as  stated  in  connection  with  dis- 
cussion of  table  8,  the  trend  in  frequency  of 
heavy  axle  loads  followed  an  entirely  dif- 
ferent pattern.  For  the  country  as  a  whole, 
this  was  pointed  out  in  the  discussion  of 
figure  8.  The  trend  in  frequency  of  heavy 
axle  loads  in  the  regions,  likewise,  is  dif- 
ferent from  that  of  the  gross  loads.  This 
is  demonstrated  by  comparing  the  frequen- 
cies of  heavy  axle  loads  in  1950  with  those 
in  1949  as  shown  for  each  weight  class  in 
table  9  and  noting  that  the  frequency  of 
heavy  axle  loads  in  the  different  categories 
decreased  in  a  number  of  cases,  whereas 
table  8  shows  that  the  frequency  of  heavy 
gross   loads  increased  in   all   regions. 


Loads  Above  Legal  Limits 

Table  10  shows  the  number  of  trucks  and 
truck  combinations  of  each  type,  per  1,000 
such  vehicles  counted,  empties  included, 
that  exceeded  the  legal  axle,  axle-group,  or 
gross-weight  limits  in  effect  in  the  indi- 
vidual States  in  the  summer  of  1950,  and 
the  number  per  1,000  that  exceeded  these 
limits  by  various  percentages.  Compara- 
tive figures  are  given  at  the  bottom  of 
the  table,  for  the  Nation  as  a  whole,  for 
1948    and    1949. 

Loads  in  excess  of  State  law  were  most 
frequent  in  the  East  South  Central  region 
where  a  decided  increase  generally  was 
found  in  the  number  of  overloaded  three- 
axle  single-unit  trucks  and  truck-tractor  and 
semitrailer  combinations.  In  this  region, 
in  1949,  66  three-axle  single-unit  trucks  of 
each  1,000  loaded  and  empty  vehicles 
weighed  exceeded  one  or  more  of  the  State 
weight  limits;  in  1950,  126  such  vehicles 
exceeded  these  limits.  In  the  same  region 
162  truck  combinations  per  1,000  such  ve- 
hicles weighed  in  1949  exceeded  the  legal 
limits  while  437  exceeded  these  limits  in 
1950.  After  the  East  South  Central  region, 
where,  of  all  loaded  and  empty  trucks  and 
truck    combinations    weighed    in    1950,    115 
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Table  10. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  the  permissible  axle, 
axle-group,  or  gross-weight  legal  limits  in  effect  in  the  States  by- 
various  percentages  (maximum)  of  overload  summer  of  1950 


Region  and  type  of  vehicle 

Num- 

ber 

per 
1,000 
over- 
loaded 

Number    per    1,000    overloaded 
more  than — - 

5 
per- 
cent 

10 
per- 
cent 

20 
per- 
cent 

30 
per- 
cent 

1 
8 
1 
6 

50 
per- 
cent 

w 

2 
2 

(') 

New  England: 

58 

10 

113 

35 
6 

74 

23 

4 
45 

8 

1 

19 

3-axle                                 

Average,  single-unit  trucks.  .  . 
Truck -tractor  and  semitrailer .  .  . 

Average,  truck  combinations. 
Average,  all  trucks  and  combi- 

112 
35 

(2) 

30 
119 

20 
181 
330 
182 

75 

C) 

9 
39 

5 
132 

74 
22 

45 
14 

19 

5 

6 
2 

Middle  Atlantic: 

24 
116 

16 
137 
112 

137 

57 

(2) 
5 
20 
3 

75 

17 

94 

12 

102 

112 

102 

43 

8 
31 

5 

51 

112 

51 

21 

3 

11 
2 
20 
51 
20 

8 

(') 
11 

(') 
4 

'  "4 

1 

3-axle                                 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer.  .  . 

Average,  truck  combinations. 
Average,  all  trucks  and  combi- 

South  Atlantic: 

3 

14 
2 

45 

1 

4 

1 

16 

(') 
1 

(') 
5 

'    1 
1 

Average,  single-unit  trucks.    . 
Truck -tractor  and  semitrailer. . . 

Average,  truck  combinations. 
Average,  all   trucks  and  combi- 
nations   

East  North  Central: 

132 

45 

75 

26 

15 
16 

16 
6  . 

5 
2 

1 

9 
72 

7 
155 
229 
161 

72 

4 

72 
4 

96 
148 
100 

45 

1 
20 

1 
52 
69 
53 

23 

1 

13 

1 
14 
15 
14 

7 

Q) 
13 

(') 
5 

13 

(') 

3-axle                                      

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer. . . 
Truck  and  trailer 

Average,  truck  combinations. 
Average,  all   trucks  and  combi- 

5 
2 

East  South  Central: 

57 

126 

30 

437 

40 

49 

20 

280 

25 
49 
13 

157 

11 

2 

3-axle 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer.  .  . 

5 
51 

1 
19 

3 

Average,  truck  combinations. 
Average,  all   trucks  and  combi- 

437 
115 

280 
74 

157 
43 

51 
15 

19 
5 

3 

1 

West  North  Central: 

9 

50 

5 

188 

77 
183 

50 

4 

35 

3 

115 

72 

113 

31 

3 

27 
2 
69 
58 
69 

19 

1 

14 
1 
25 
37 
25 

7 

(') 
6 

(') 
12 
34 
13 

3 

'    2 

34 

3 

1 

3-axle 

Average,  single-unit  trucks.  . 
Truck -tractor  and  semitrailer. . . 
Truck  and  trailer 

Average,  truck  combinations. 
Average,  all   trucks  and  combi- 

West  South  Central: 

16 

66 

7 

213 

(■) 
2  OH 

63 

12 

55 

5 

139 

('-) 
136 

41 

8 

17 

4 

90 

2 

17 

1 

43 

1 

3-axle. 

Average,  single-unit  trucks.  .  . 
Truck -tractor  and  semitrailer .    . 

(>) 

21 

3 

Average,  truck  combinations. 
Average,  all  trucks  and  combi- 

88 

27 

42 
12 

20 

6 

3 

1 

Mountain: 

30 

137 

15 

224 
246 
227 

67 

17 
121 
9 
165 
170 
166 

17 

10 
114 
7 
122 
112 
120 

34 

6 
34 

3 
65 
41 
61 

17 

2 
29 

2 
35 
24 
33 

10 

1 
5 
(') 
4 
9 
5 

1 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer.  . 
Truck  and  trailer 

Average,  truck  combinations. 
Average,  all  trucks  and  combi- 

Pacific : 

2 -axle,  6-tire 

3-axle.  . 

14 

33 

8 

162 

257 

191 

82 

2 

20 

70 

11 

187 

224 

189 

67 

51 
55 

12 
22 

7 

97 

157 

115 

50 

(') 

14 

55 

8 

121 

143 

122 

44 

35 
38 

9 

11 

5 

54 

115 

72 

32 

2 

4 

1 

22 

83 

40 

17 

(') 

Average,  single-unit  trucks. 
Truck-tractor  and  semitrailer   . . 

8 
51 
21 

8 

I 

1 
1 

Average,  truck  combinations. 
Average,  all  trucks  and  combi- 

United  States  average: 

9 

38 

5 
75 
92 
76 

27 

23 
26 

1 
13 

2 
30 
52 
31 

11 
10 
12 

1 

7 

1 

12 

30 

13 

5 

4 
6 

(') 

4 

(') 
■> 

4 
2 

1 

1 
1 

3-axle . 

Average,  single-unit  trucks.  . 
Truck-tractor  and  semitrailer. . . 

Average,  truck  combinations. 
Average,  all   trucks  and  eombi- 

Table  11. — Number  of  axles,  per  1,000  loaded  and  empty  trucks 
and  truck  combinations,  that  exceeded  the  permissible  axle- 
load  limit  of  18,000  pounds  recommended  by  the  A.A.S.H.O. 
by  various   percentages   of   overload   in   the   summer   of   1950 


Region  and  type  of  vehicle 

Num- 
ber 
per 
1,000 
over- 
loaded 

Num 

ber    per    1,000 
more  than 

overloaded 

5 
per- 
cent 

10 
per- 
cent 

20 
per- 
cent 

30 
per- 
cent 

50 
per- 
cent 

New  England: 

2-axle,  4-tire 

45 
97 
27 

477 

37 

56 

22 

394 

31 

49 

18 

306 

19 

14 

11 

145 

11 

3 

3-axle 

Average,  single-unit  trucks 
Truck-tractor  and  semitrailer     . 

6 
62 

2 

8 

Average,  truck  combinations 
Average,   all   trucks  and   corn- 

474 
135 

(') 

69 
173 

43 
504 
319 
503 

199 

(') 
14 
49 
8 

261 

391 
111 

(') 

56 
125 

35 
422 

82 
420 

166 

(') 

8 

36 

5 

184 

304 
87 

(') 
47 
79 
29 

345 

144 
43 

(') 
28 
51 
17 

224 

62 
19 

8 
3 

Middle  Atlantic: 

2-axle,  4-tire 

15 

51 

10 

132 

7 
11 

4 
35 

3-axle 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer. . . 
Truck  and  trailer 

Average,  truck  combinations. 
Average,  all    trucks  and   corn- 

343 

136 

223 

87 

131 

51 

35 
15 

South  Atlantic: 

6 

11 

3 

123 

2 

4 
1 

47 

(2) 

3-axle 

Average,  single-unit  trucks 
Truck-tractor  and  semitrailer   . . 

(2) 
16 

"2 

Average,  truck  combinations 
Average,  all    trucks  and   com- 
binations  

East  North  Central : 

260 

88 

183 
61 

123 

41 

47 
16 

16 
5 

2 
1 

9 
26 

5 
171 
289 
180 

79 

4 
26 

3 
102 
120 
103 

46 

2 
26 

2 
61 
58 
61 

27 

1 
26 

1 
18 
11 
18 

6 

(2) 
13 

(2) 
5 
8 
5 

2 

(2) 

'(V 
(2) 

'(»)' 

(2) 

Average,  single-unit  trucks.  .  . 
Truck-trailer  and  semitrailer .  .  . 

Average,  truck  combinations. 
Average,   all   trucks  and   corn- 

East  South  Central : 

57 
112 

30 
499 

40 

39 

20 

295 

25 

39 

13 

153 

11 

2 

3-axle 

Average,  single-unit  trucks   .  . 
Truck -tractor  and  semitrailer. .  . 

5 
43 

1 
17 

"2 

Average,  truck  combinations 
Average,  all    trucks  and    corn- 

499 
128 

295 

78 

153 
42 

43 
13 

17 

4 

2 

(2) 

West  North  Central : 

9 
23 

5 
155 
102 
155 

36 

4 
12 

2 
82 
52 
82 

19 

3 

12 
2 
48 
40 
48 

12 

1 

6 
1 

12 

(2) 

3-axle 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer.  . 

(8) 
4 

'(»)' 

Average,  truck  combinations. 
Average,  all    trucks  and    com- 
binations   

West  South  Central : 

12 
3 

4 
1 

(2) 
(2) 

16 

49 

7 

214 

(') 

209 

63 

12 

10 

5 

128 

(') 
125 

38 

8 

3 

1 

3-axle 

Average,  single-unit  trucks.  .  . 
Truck -tractor  and  semitrailer.  . . 

3 

82 

1 
35 

(2) 
16 

"2 

Average,  truck  combinations. 
Average,   all   trucks  and   corn- 

80 
24 

34 
10 

16 

4 

2 

1 

Mountain: 

30 
151 

15 
225 
177 
217 

64 

17 
127 

10 
146 
101 
139 

41 

10 
117 
7 
89 
51 
83 

25 

6 
19 

3 
37 
12 
33 

10 

2 
19 

1 
18 
12 
17 

5 

1 
10 

1 
1 
3 
1 

1 

3-axle 

Average,  single-unit  trucks.    . 
Truck -tractor  and  semitrailer. . 

Average,  truck  combinations. 
Average,  all   trucks  and   corn- 

Pacific  : 

14 

23 

8 

134 

129 

132 

58 

3 

28 

65 

15 

269 

174 

263 

93 

75 
85 

12 

14 
6 
76 
45 
67 

31 

1 
20 
44 
11 

185 
72 

177 

63 

54 
63 

9 
13 

5 
43 
15 
35 

17 

1 

15 

33 

8 

127 

32 

121 

44 

37 

45 

2 

(?) 

3-axle 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer.  . . 

1 
10 

1 
7 

3 

1 

8 
14 

4 
60 

5 
56 

20 

17 
23 

(2) 

4 
(2) 

3 

1 

1 

(2) 
1 

(2) 

Average,  truck  combinations. 
Average,  all   trucks  and   corn- 

United  States  average: 

3 

10 
2 

29 
4 

27 

10 

8 

11 

1 
2 

1 
6 

(2) 
6 

3 

1 
2 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer. . . 

Average,  truck  combinations 
Average,    all  trucks  and   corn- 

1  Less  than  5  per  10,000.      2  Data  omitted  because  of  insufficient  sample. 
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Table  12. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  the  permissible  axle- 
group  loads  recommended  by  the  A.A.S.H.O.  by  various 
percentages    of   overload    in    the    summer   of    1950 


Region  and  type  of  vehicle 

Num- 
ber 
per     " 
1,000 
over- 
loaded 

Number    per    1,000    overloaded 
more  than — 

5 
per- 
cent 

10 
per- 
cent 

20 
per- 
cent 

80 
per- 
cent 

50 
per- 
cent 

New  England: 

(') 
80 
2 
74 

(l) 
47 
1 
44 

(') 
27 
1 
25 

8 
(') 
12 

8 
7 

i 

Average,  single-unit  trucks . .  . 
Truck-tractor  and  semitrailer . . . 

Average,  truck  combinations. 
Average,  all   trucks   and  com- 
binations  

Middle  Atlantic: 

74 
19 

C) 

1 

130 
4 
156 
390 
157 

56 

44 
11 

116 
3 
127 
299 
128 

45 

25 

7 

(>) 
(') 
108 
3 

95 
278 

96 

86 

12 
3 

7 
2 

1 

(') 

74 
2 

50 
112 

50 

18 

(') 

25 
1 

26 
103 

26 

9 

(') 
11 
(') 
10 

io 

3 

3-axle .  .            

Average,  single-unit  trucks. .  . 
Truck -tractor  and  semitrailer. . . 

Average,  truck  combinations. 
Average,  all   trucks  and   com- 

South  Atlantic: 

3-axle                           

73 

2 

59 

30 

1 

40 

21 
1 

26 

6 

(') 
12 

Average,  single-unit  trucks. . . 
Truck-tractor  and  semitrailer. . . 

5 

2 

Average,  truck  combinations. 
Average,  all   trucks  and   corn- 

59 
20 

40 
13 

26 
9 

12 

4 

5 
2 

2 

1 

East  North  Central : 

33 

1 
137 
447 
161 

69 

26 
1 

98 
406 
122 

52 

26 
1 

57 

366 

81 

35 

13 

0) 

15 
195 

29 

12 

13 

(') 
3 
77 
9 

4 

13 

(') 

24 
2 

1 

Average,  single-unit  trucks.  .  . 
Truck-tractor  and  semitrailer . . . 

Average,  truck  combinations. 
Average,  all   trucks  and   com- 
binations  

East  South  Central : 

8 

4 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . . 

(i)        m 

36 

22 

12 

4 

1 

Average,  truck  combinations. 
Average,  all   trucks  and   com- 
binations  

West  North  Central: 

36 
8 

22 
5 

12 
3 

4 
1 

1 

27 
(') 
111 

71 
109 

27 

21 

(') 
68 
54 
67 

17 

14 
O 
40 
40 
40 

10 

6 

(') 
15 
34 
16 

4 

6 

(') 
6 
34 
7 

2 

34 

1 

Average,  single-unit  trucks. . 
Truck -tractor  and  semitrailer . . 

Average,  truck  combinations 
Average,  all   trucks  and   corn- 

West  South  Central : 

3-axle                           

47 
(') 

98 
(2) 

96 

27 

47 
(') 

65 
(2) 

63 

18 

37 

(') 

40 
(8) 

39 

11 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . . 

15 
(2) 
15 

4 

6 
(') 
6 

2 

1 

i 

Average,  truck  combinations. 
Average,  all    trucks  and   corn- 
Mountain  : 

3-axle                       

(>) 
118 
3 
178 
214 
184 

47 

(') 
83 
2 
143 
155 
145 

37 

(') 
58 
2 
108 
105 
108 

28 

(') 
25 
1 
54 
49 
53 

14 

10 
(') 
27 
23 
26 

6 

5 
(') 
2 
6 
3 

1 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . 

Average,  truck  combinations 
Average,  all   trucks  and   com- 
binations 
Pacific : 

2-axle,  4-tire 

3-axle 

27 

2 

265 

369 

296 

120 

1 
(') 
56 

1 
123 
337 
137 

44 

28 
30 

19 
1 

206 
267 
224 

91 

1 

0) 

40 
1 

89 
268 
101 

33 

21 
22 

6 
(') 
135 
132 
134 

54 

1 
O 
31 

1 

58 

185 

67 

22 

14 
16 

4 
(') 
43 
13 

34 

14 

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer . . 

8 
3 
6 

2 

1 

"i 

(') 

Average,  truck  combinations 
Average,  all   trucks  and   corn- 

United  States  average: 

(') 
16 

(') 
23 
71 
26 

8 

7 
7 

(,)7 

0) 
9 
30 
10 

3 

3 
3 

(') 

4 

0) 
2 
10 
3 

1 

1 
1 

Average,  single-unit  trucks.  . 
Truck-tractor  and  semitrailer. . 

Average,  truck  combinations 
Average,  all   trucks  and   corn- 

Comparative  average,  1948 

1  Less  than  5  per  10,000.  2  Data  omitted  because  of  insufficient  sample. 
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Table  13. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  any  of  the  permissible 
load  limits  recommended  by  the  A.A.SJI.O.  by  various  per- 
centages  (maximum)   of  overload  in  the  summer  of  1950 


Region  and  type  of  vehicle 


New  England: 

2-axle,  4-tir» 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,   all  trucks  and   com- 
binations  

Middle  Atlantic: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer . . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,  all  trucks  and  com- 
binations  

South  Atlantic: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,   all   trucks   and   com- 
binations. . . . 
East  North  Central: 
2-axle,  4-tire .  .  . 
2-axle,  6-tire.  . 

3-axle 

Average,  single-unit  trucks. .  . 
Truck-tractor  and  semitrailer. . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,   all   trucks   and   com- 
binations. 
East  South  Central : 
2-axle,  4-tire .  . 

2-axle,  6-tire ^ 

3-axle 

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer. . 

Truck  and  trailer 

Average,  truck  combinations 
Average,   all   trucks   and  com- 
binations     

West  North  Central: 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. .  . 
Truck -tractor  and  semitrailer. . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,    all  trucks  and  com- 
binations  

West  South  Central : 

2-axle,  4-tire ....... 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks . .  . 
Truck-tractor  and  semitrailer . . . 

Truck  and  trailer 

Average,  truck  combinations. 
Average,   all   trucks  and   com- 
binations  

Mountain : 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer.  . 

Truck  and  trailer 

Average,  truck  combinations 
Average,   all   trucks  and   com- 
binations  

Pacific: 

2-axle,  4-tire . 
2-axle,  6-tire . 

3-axle 

Average,  single-unit  trucks.  . 
Truck-tractor  and  semitrailer. . 

Truck  and  trailer 

Average,  truck  combinations 
Average,  all  trucks  and  com- 
binations   

United  States  average : 

2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. . 
Truck-tractor  and  semitrailer. . 

Truck  and  trailer 

Average,  truck  combinations 
Average,   all   trucks  and  com- 
binations  


Num- 
ber 
per 
1,000 
over- 
loaded 


45 
121 

28 
310 


308 
95 

(') 

69 
134 

42 
341 
411 
841 

143 

« 

14 

90 

9 

199 


198 
69 


9 
54 

6 
219 
449 
237 

104 


57 
116 

30 
395 


395 
107 


Number    per    1,000    overloaded 
more  than — 


per- 
cent 


37 

93 

23 

268 


266 
82 

(') 

56 
119 

35 
298 
319 
298 

124 

0) 

8 
41 

5 
144 


144 
49 


4 
26 

3 
150 
409 
170 

74 


40 
43 
20 

252 


9 

30 

5 

179 

75 

175 

48 


16 

67 

7 

204 

(') 

199 

60 


30 
137 

15 
240 
290 
248 

72 


252 
69 


10 
per- 
cent 


31 

62 

19 

214 


213 
66 

(') 

47 
108 

30 
240 
278 
240 

101 


2 

26 

2 

92 

367 

113 

19 


25 

39 

13 

136 


136 
39 


4 

16 

2 

108 

62 

106 

28 


12 

57 

5 

136 

(') 

133 

41 


Comparative  average,  1949. 
Comparative  average,  1948 . 


14 

37 

9 

293 

396 

324 

136 

3 

28 

77 

15 

249 

359 

256 

91 
68 
73 


17 

115 
9 
187 
210 
191 

53 


12 

25 

7 

230 

277 

244 

102 

2 

20 

50 

11 

183 

280 

190 

68 

53 
56 


20 
per- 
cent 


19 

21 

11 

112 


111 

35 

(') 

28 

74 

18 

158 

112 

158 

66 


1 
13 

1 

27 

196 

40 

18 


30 
per- 
cent 


15 
40 
9 
95 
103 
95 

38 


C) 


17 


(2) 
13 

(2) 
8 
84 
14 


37 

3 

87 

(') 
85 

26 


10 
110 
7 
142 
124 
139 

39 


(?) 
6 
(a) 


1 
36 
(') 
35 

10 


9 
12 

5 
150 
138 
146 

62 

2 
15 
41 
8 
125 
191 
129 

46 

38 
42 


I 


« 
18 

(') 
18 


(2) 
2 

(J) 
11 
3 
9 

4 


1  Data  omitted  because  of  insufficient  sample. 


Less  than  5  per  10,000. 
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Table   14. — Number  of  trucks  and  truck  combinations  per  1,000  loaded  and   empty  vehicles,    in   private   and   in   for-hire   operation,    that 
exceeded  various  load  limits  by  various  percentages  of  overload  in  the  summer  of   1950   (United  States  average) 


Type  of  vehicle 

Private  operation 

For-hire  operation 

Num- 
ber per 
1,000 
over- 
loaded 

Number  per  1,000  overloaded  more  than — - 

Num- 
ber per 
1,000 
over- 
loaded 

Number  per  1,000  overloaded  more 

than — 

5 
percent 

10 
percent 

20 
percent 

30 
percent 

50 
percent 

5 

percent 

10 
percent 

20 
percent 

30 

percent 

50 
percent 

Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  Permissible  Axle,  Axle  -Group,  or  Gross- Weight  Legal  Limits  of  the  Several  States 

1 

16 

71 

8 

173 

122 

170 

33 

26 

10 

57 

5 

108 
65 

106 
21 
18 

(2) 

39 

63 

38 

196 

267 

201 

159 

131 

6 
41 

3 
68 
42 
67 
13 
13 

2 
10 

1 
29 
27 
29 

5 

5 

1 

6 

1 

14 

21 

14 

3 

3 

(') 
5 

(') 
2 
4 
2 

P) 
1 

27 

52 

27 

129 

174 

132 

105 

89 

19 
33 
18 
79 
112 
81 
65 
56 

10 
16 
10 
30 
61 
32 
26 
23 

3 
7 
3 
12 
32 
13 
10 
11 

(') 
3 

(>) 
2 
3 
2 
1 
2 

3-axle 

Average,  truck  combinations 

Comparative  average,  1949 

Number  of  Axles  per  1,000  Trucks  and  Truck  Combinations  Exceeding  the  18,000  -Pound  Limit  Recommended  by  the  A.A.S.H.O. 

i    2-axle,  4-tire 

2 

22 

57 

11 

278 

110 

269 

51 

39 

15 

43 

7 

193 
39 

184 
35 
28 

(2) 

55 

79 

52 

263 

202 

259 

205 

195 

(2) 

40 

46 

37 

180 

86 

173 

138 

141 

(2) 
30 
29 
28 

123 
39 

117 
94 
99 

(2) 
18 
14 
16 
58 
6 
54 
44 
46 

11 

35 

5 

133 
15 

126 
24 
20 

5 
14 

2 
62 

4 
59 
11 

8 

2 
9 
1 

28 
4 

27 
3 
3 

1 
1 

6 
1 
6 
1 
1 

8 
12 

8 
29 

3 
27 
22 
21 

5 
4 
4 
7 
(') 
6 
5 
5 

!    3-axle 

Truck-tractor  and  semitrailer 

Truck  and  trailer. 

Average,  all  trucks  and  combinations 

Comparative  average,  1949 

Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  the  Maximum  Axle  -Group  Loads  Recommended  by  the  A.A.S.H.O. 

1 

(') 

63 

1 

101 

175 

105 

17 

12 

1 

0) 

43 

1 

71 

118 

74 

12 

8 

1 

31 
1 

44 

85 

46 

8 

6 

(') 

17 

(') 

18 

22 

18 

3 

3 

40 
3 
136 
405 
156 
116 

87 

(') 

32 

2 

101 

330 

118 

88 

64 

28 

2 

66 

229 

78 
58 
43 

12 
1 
25 
93 
30 
22 
20 

(') 

6 

(') 

9 

36 

11 

8 

10 

1 
(') 
2 
11 
3 
2 
2 

3-axle 

7 
(>) 
8 
14 
8 
1 
2 

6 

(') 
2 
4 
2 

(') 

(') 

Number  of  Trucks  and  Truck  Combinations  per  1,000  Exceeding  Any  of  the  Maximum  Motor-Vehicle  Loads  Recommended  by  the  A.A.S.H.O. 

2 
22 

77 

11 

229 

181 

226 

45 

34 

1 

15 

52 

8 

167 

119 

164 

32 

26 

1 

11 

41 

6 

.     113 

76 

111 

22 

19 

(2) 

55 

71 

52 

260 

428 

272 

215 

184 

(2) 

40 

45 

37 

191 

343 

202 

159 

143 

(2) 

30 

40  ' 

29 

130 

234 

138 

110 

103 

(?) 
18 
16 
17 
58 
93 
61 
50 
52 

5 
19 

3 
53 
16 
51 
11 

9 

2 

9 

1 

25 

12 

24 

5 

4 

1 
5 
1 
5 
3 
5 
2 
1 

8 
11 

8 
27 
38 
28 
23 
25 

5 
3 

4 
6 
11 
6 
5 
6 

Truck-tractor  and  semitrailer.  .    

Less  than  5  per  10.000. 


Data  omitted  because  of  insufficient  sample. 


exceeded  one  or  more  of  the  State  weight 
limits,  the  Pacific  region  had  the  second 
highest  rate  of  overloads  (82)  and  in 
descending  order  of  rates  of  violation  were 
the  Middle  Atlantic  (75),  the  East  North 
Central  (72),  the  Mountain  (67),  the  West 
South  Central  (63),  the  West  North  Cen- 
tral (50),  the  South  Atlantic  (45),  and  the 
New  England   region    (35). 

A  comparison  of  the  frequency  of  loads 
exceeding  State  limits  in  1950,  shown  in 
table  10,  with  similar  data  collected  in  the 
previous  year,  indicates  that  the  frequency 
of  these  illegal  loads  has  increased  in  all 
regions  except  the  South  Atlantic,  in  which 
this  frequency  decreased  from  53  to  45  per 
1,000  vehicles  weighed.  In  all  other  regions 
increases  in  the  fate  of  weight  violations 
were  found  although  the  increases  did  not 
extend  to  the  larger  percentages  of  viola- 
tion. For  instance,  in  the  East  North  Cen- 
tral region  63  vehicles  of  each  1,000  weighed 
in  1949  exceeded  one  or  more  of  the  weight 
restrictions  by  some  amount,  while  in  1950, 
72  vehicles  per  1,000  exceeded  the  restric- 
tions. At  the  same  time,  of  those  weighed 
in    1949,    27    exceeded    the    limits    by    more 


than  10  percent,  while  in  1950,  only  23  ex- 
ceeded these  limits  by  more  than  10  percent. 
No  panel  or  pick-up  truck  was  weighed 
that  exceeded  any  of  the  State  weight  regu- 
lations and  this  classification  is  omitted 
from  tables  10-14  although  the  number  of 
such  vehicles  counted  is  included  in  the 
calculations. 

Recommended   Weight  Limits 

Uniform  regulations  concerning  maxi- 
mum allowable  gross  weights,  axle  weights, 
and  axle-group  weights  have  been  adopted 
as  a  policy  by  the  American  Association  of 
State  Highway  Officials  and  recommended 
to  the  State  governments  for  adoption.7 
This  policy  recommends  that  no  axle  shall 
carry  a  load  in  excess  of  18,000  pounds  and 
no  group  of  axles  shall  carry  a  load  in  ex- 
cess of  amounts  specified  in  a  table  of  per- 
missible weights  based  on  the  distance  be- 
tween the  extremes  of  any  group  of  axles. 


1Policy  concerning  maximum  dimensions,  weights, 
and  speeds  of  motor  vehicles  to  be  operated  over  the 
highways  of  the  United  States,  adopted  April  1,  1946. 
by  the  American  Association  of  State  Highway  Offi- 
cials;  published  by  the  Association   in   1946. 


In  table  11  is  shown  the  number  of  axles 
per  1,000  vehicles  of  various  types  that  ex- 
ceeded the  axle  load  limit  of  18,000  pounds 
recommended  by  the  A.A.S.H.O.  and  the 
number  exceeding  these  limits  by  various 
percentages.  This  table  emphasizes  again 
the  high  frequency  of  heavy  axle  loads  in 
the  Middle  Atlantic  and  New  England  re- 
gions. The  number  of  axles  per  1,000  ve- 
hicles weighing  more  than  the  A.A.S.H.O. 
recommended  limits  was  199  in  the  Middle 
Atlantic  and  135  in  the  New  England  re- 
gion, while  only  58  such  axles  for  each  1,000 
vehicles  were  found  in  the  Pacific  region 
and  36  in  the  West  North  Central  region. 
There  were  87  axles  per  1,000  vehicles  in 
the  Middle  Atlantic  region  exceeding  the 
18,000-pound  recommended  limit  by  20 
percent  or  more,  compared  to  only  3  each 
in  the  Pacific  and  West  North  Central 
regions. 

Table  12  shows  the  number  of  vehicles 
of  various  types,  per  1,000  vehicles,  with 
an  axle-group  load  in  excess  of  the  limits 
recommended  by  the  A.A.S.H.O.  and  in 
excess  of  the  limits  by  various  percentages. 
As  might  be  expected  from  the   large   in- 
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creases  of  frequencies  of  heavy  gross  loads 
indicated  in  figure  7,  the  number  of  ve- 
hicles of  various  types  per  1,000  weighed 
that  exceeded  the  A.A.S.H.O.  recommen- 
dations increased  in  1950  over  the  similar 
rates  in  1949.  For  the  country  as  a  whole, 
of  each  1,000  loaded  and  empty  trucks 
and  truck  combinations,  44  had  axle  groups 
in  1950  weighing  in  excess  of  the  recom- 
mended limits,  8  of  which  exceeded  the  limits 
by  more  than  20  percent.  In  1949,  compa- 
rable figures  indicated  that  28  trucks  and 
truck  combinations  of  each  1,000  exceeded 
the  axle-group  recommendation,  7  of  which 
exceeded  the  limits  by  more  than  20  percent. 
Of  each  1,000  combinations  weighed,  137 
had  axle-group  loads  weighing  more  than 
the  recommended  limits,  of  which  26  ex- 
ceeded the  limits  by  more  than  20  percent. 
The  frequency  of  the  excessive  axle-group 
loads  in  1950  was  about  57  percent  more 
than  in  1949. 

It  will  be  noted  that  a  higher  proportion 
of  the  vehicles  have  excessive  axle-group 
loads  in  the  Pacific  region  than  elsewhere, 
whereas  table  11  shows  a  comparatively 
low  frequency  of  heavy  axle  loads  for  that 
region.  This  is  because  of  the  widespread 
use  of  multiple-axle  vehicles  in  California 
and  neighboring  States. 

As  might  be  expected,  many  vehicles  were 
so  loaded  that  they  exceeded  more  than  one 
recommended  weight  limit,  and  some  ve- 
hicles had  more  than  one  axle  loaded  in 
excess  of  the  recommended  limit.  Counting 
each  vehicle  only  once,  regardless  of  the 
number  of  ways  in  which  it  exceeded  any 
of  the  A.A.S.H.O.  recommended  limits,  table 
13  was  prepared  to  show  the  number  of 
vehicles  per  1,000  of  each  type,  both  loaded 
and  empty,  that  exceeded  the  limits  by  vari- 
ous percentages.  Those  vehicles  which  ex- 
ceeded more  than  one  provision  of  the 
recommended  restrictions  were  tabulated 
only  in  the  column  showing  the  highest 
percentage  excess   of  any  item. 


In  the  United  States  as  a  whole,  91  ve- 
hicles out  of  every  1,000  were  overloaded 
to  some  degree  and  21  out  of  every  1,000 
exceeded  some  one  of  the  recommended  pro- 
visions by  more  than  20  percent.  The  fre- 
quency of  vehicles  exceeding  the  recom- 
mendations by  any  amount  in  1950  was  34 
percent  more  than  in  1949,  when  68  ve- 
hicles out  of  every  1,000  were  overloaded 
to  some  degree.  The  frequency  exceeding 
the  recommendations  by  more  than  20  per- 
cent in  1950  was  11  percent  more  than  in 
1949,  when  19  vehicles  out  of  every  1,000 
vehicles  exceeded  some  recommended  limit 
to  this  extent. 

State  Limits  Higher 

In  considering  the  data  concerning  the 
frequencies  of  axles  or  vehicles  exceeding 
the  State  legal  limits  and  the  A.A.S.H.O. 
recommendations,  especially  the  frequen- 
cies in  the  Middle  Atlantic  and  New  Eng- 
land regions,  the  fact  should  be  recog- 
nized that  higher  limits  generally  are  per- 
missible under  the  State  laws  in  these  areas 
than  are  recommended  by  the  Association. 
Axles  exceeding  the  recommended  limits 
by  25  percent  may  be  within  the  legal 
limits  of  certain  States,  particularly  in 
these  two  regions.  Some  States  have  no 
axle-group  limits  in  their  motor-vehicle  re- 
strictions, a  fact  that  further  complicates 
direct  comparison  of  excess  weights  based 
on  law  and  those  based  on  the  recommen- 
dations. Comparison  of  the  frequency  data 
for  New  England  and  the  Middle  Atlantic 
regions  given  in  table  13  with  those  in 
table  10  shows  that  from  one-third  to  one- 
half  of  the  vehicles  exceeding  one  or  more 
of  the  Association  recommendations  actu- 
ally exceeded  a  State  legal  limit.  For  the 
United  States  as  a  whole,  nearly  three- 
fourths  of  the  vehicles  exceeding  one  or 
more  of  the  Association  recommendations 
also  exceeded   a   State  legal  limit. 


Overloading  of  For-Hire  Vehicles 

The  first  part  of  table  14  shows  separately 
the  number  of  privately  operated  trucks 
and  truck  combinations  and  those  operated 
for-hire,  for  each  1,000  such  loaded  and 
empty  vehicles  on  main  rural  roads  of  the 
United  States,  that  exceeded  some  State 
legal  weight  limit  in  1950,  and  also  com- 
parative average  figures  for  1949.  A  com- 
parison of  the  frequency  of  the  excessively 
loaded  vehicles  in  the  two  operation  classi- 
fications shows,  in  striking  manner,  that 
type  by  type  the  for-hire  vehicles  gen- 
erally are  more  frequently  overloaded  than 
are  the  privately  operated  ones.  For  in- 
stance, 8  of  each  1,000  private  single-unit 
trucks  exceeded  a  State  weight  limit  while 
38  of  each  1,000  for-hire  trucks  exceeded 
the  same  limits.  Likewise,  170  of  each 
1,000  private  truck  combinations  exceeded 
State  weight  limits,  while  201  of  each  1,000 
for-hire  combinations  exceeded  the  same 
limits. 

Of  each  1,000  vehicles,  the  frequencies 
of  all  private  and  all  for-hire  trucks  and 
truck  combinations  exceeding  the  State  lim- 
its in  1950  were  33  and  159,  respectively, 
while  in  the  previous  year  the  corresponding 
frequencies  were  26  and  131.  In  both 
years,  there  were  nearly  five  times  as  many 
excess  loads  among  the  for-hire  vehicles 
as  among  the  privately  operated  ones. 

The  following  parts  of  table  14  show  fre- 
quencies of  private  and  for-hire  trucks  and 
Ntruck  combinations  exceeding  the  A.A.S.H. 
O.  recommended  limits  for  axle  loads,  for 
maximum  axle-group  loads,  or  for  any  of 
the  recommended  maximum  loads.  These 
sections  of  the  table  show,  in  general,  as 
did  the  first  section,  that  the  relation  of 
the  frequency  of  overload  of  privately  op- 
erated and  for-hire  vehicles  is  approxi- 
mately the  same  when  based  on  A.A.S.H.O. 
recommendations  as  when  based  on  State 
legal  limits. 
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A  complete  list  of  the  publications  of  the 
Hureau  of  Public  Roads,  classified  according  to 
subject  and  including  the  more  important, 
articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  Bureau  of  Public  Roads. 
Washington   25.   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office.  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.    Prepayment  is  required. 


ANNUAL  REPORTS 

(Sec  also  adjacent  column) 

Reports  of  the  Chief  of  the  Bureau  of  Public  Roads: 
1937,  10  cents.     1938,  10  cents.     1939,  10  cents. 

Work  of  the  Public  Roads  Administration: 

1940,  10  cents.         1942,  10  cents.         1948,  20  cents 

1941,  15  cents.         1946,  20  cents.         1949,  25  cents. 

1947,  20  cents. 

Annual  Report,  Bureau  of  Public  Roads,  1950.     25  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1  .  .  .  Nonuniformity  of  State  Motor- Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .  .  .  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .  .  .  Inadequacy  of  State  Motor- Vehicle  Accident 
Reporting.     10  cents. 

Part  4  .  .  .  Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .  .  .  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .  .  .  The    Accident-Prone    Driver.     10  cents. 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor- Vehicle  Administration,  Registra- 
tion, Certificate  of  Title,  and  Antitheft  Act.  10 
cents. 

Act  II. — Uniform  Motor-Vehicle  Operators'  and  Chauffeurs' 
License  Act.     10  cents. 

Act    III.— Uniform  Motor- Vehicle  Civil  Liability  Act.  10  cents. 

Act  IV. — Uniform  Motor-Vehicle  Safety  Responsibility  Act. 
10  cents. 

Act  V. — Uniform  Act  Regulating  Traffic  on  Highways.  20 
cents. 

Model   Traffic   Ordinance.     15  cents. 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.     30  cents. 

Construction  of  Private  Driveways  (No.  272MP).     10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.     15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40 
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Factual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation.     30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction.    40  cents. 
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ments,  1931-41.     45  cents. 
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Guides  to  Traffic  Safety.     10  cents. 

Highway  Accidents.     10  cents. 

Highway  Bond  Calculations.     10  cents. 

Highway  Bridge  Location    (No.  1486D).      15  cents. 

Highway  Capacity  Manual.     65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 

249).     50  cents. 
Highway  Practice  in  the  United  States  of  America.     50  cents. 
Highway   Statistics,  1945.     35  cents. 
Highway  Statistics,  1946.     50  cents. 
Highway  Statistics,  1947.     45  cents. 
Highway  Statistics,  1948.     65  cents. 
Highway  Statistics,  1949.     55  cents. 
Highway  Statistics,  Summary  to  1945.     40  cents. 
Highways  in  the  United  States  (nontechnical).     15  cents. 
Highways  of  History.     25  cents. 
Identification  of  Rock  Types.     10  cents. 

Interregional  Highways  (House  Document  No.  379).     75  cents. 
Legal  Aspects  of  Controlling  Highway  Access.     15  cents. 
Local   Rural  Road  Problem.     20  cents. 
Manual  on  Uniform  Traffic  Control   Devices  for  Streets  and 

Highways.     75  cents.. 
Mathematical    Theory    of    Vibration    in    Suspension    Bridges. 

$1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips  and  Other  Landing  Areas  for  Aircraft.     $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.     10  cents. 

Roadside  Improvement  (No.  191MP).     10  cents. 

Selected  Bibliography  on  Highway  Finance.     55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks   (FP-41).     $1.50. 

Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.     $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use.  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

ANNUAL  REPORTS 

(See  also  adjacent  column) 

Public  Roads  Administration  Annual  Reports: 
1943.  1944.  1945. 

MISCELLANEOUS   PUBLICATIONS 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography   on    Highway   Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Road  Work  on  Farm  Outlets  Needs  Skill  and  Right  Equipment. 

Title  sheets  for  Public  Roads,  volumes  24  and  25. 


vO  -d-  Oj 

^   H    LP, 

CO   LP,  on 

-*co  a\ 

?~  C\  r-i 

^O   t—  VO 

co^r- 

oj  f-  O 

-4   On  on 

r-co  on 

-O    -"t     rH 

r—  onvo 

on  onco 

■O     O     LP- 

rH    ONOJ 

rH    O   -d" 

r—  un  on 

ON 

un  un  oj 

J-   u"«0 

CO  ^  o 

j-  CO  c^ 

<£>   u~\\D 

O   0\rH 

VD  co  o 

r-vo  o 

lcn  unco 

-d   C—  OJ 

J    O  _d- 

CO  on  ON 

un  O  O 

r—  c\  m 

OJ     rH   CO 

X)    LTN  [■— 

-4-    OJ     l/N 

on  LTN  UA 

LJ"\   C—VO 

oj  0\-d 

04r- 

ip,-d-  t— 

TN.  O  C\ 

i  -  Hj  Oj 

D  [—  un 

on      co 

ON 

s 

-d-  o\-* 

coco 

CO    LTWO 

OJ   OJ 

r-i 

o-ivO 

on  on  l/N 
OJ 

u-NOJ  OJ 

un  on 

f-t>-rH 

CO  OJ 

■~nco  oj 

on 

o 

rn 

oo.d-  on 

•O  oncO 

H  OU) 

-*  -d-  co 

UA  ON  f— 

oj  j-  f— 

LTN  0J    \T\ 

t~-H   lA 

onvo  rn 

O  CO  vO 

un  oj  on 

UNUNd 

-d  oj  r- 

LP,   rH  VO 

-d  un  on 

-d   u-,CO 

inO  n 

-  ■.  r-~i'X 

J    ON  OJ 

CnvO  r- 

on  oj  o 

rH    ^-1   VD 

O  r-  r- 

Oj  CO  vO 

-d  m  <-i 

O  VO    rH 

vo  o  on 

J 

3  « 

On  O   iAO\D   On 

Ov  O    rH 

ON    r-i     OJ 

CO   u-n  J- 

ltnvo  t— 

unvo   ON 

un  rH  vO 

rH    rH    OJ 

M  OJ  CO 

X)     rH    rH 

CO  VO  O 

c— 

O  r-  -d 

C\HC0 

oncO   ltn 

O  OJ  co 

^O  roco 

rH  CO  CO 

co  u-\  r— 

r^vo  CO 

CO  vo  -d 

CO  O  ol 

oj  o  n 

ON  o  o 

O    on  r-i 

r-i  onco 

vO  rn  o 

<f> 

^  M>  OJ 

OJ 

rr^H 

rH    PI  rH 

rH  ^H  ON, 

OJ    rH     LP 

r-i     r-i     |f, 

oj  m 

OJ     rH 

rH     OJ 

OJ 

o 

-d    OJ    un 

COH    ^ 

LTNVO    r-i 

--H    OJ  CO 

Cn  ro  r— 

O   OJ  O 

r-\    <-i\£> 

OJ  0J  o 

-d    u-\  On 

on  [--  rH 

On  O   O 

un  un  r— 

un  rn  r-t 

C\   Lfv   t^- 

oj  oj  r— 

rH    r-i    ON 

J-   C—  n 

CO  vo  vO 

H3 

LTN^O  J- 

H  H  H 

a?   (v-i-d 

HJ^ 

-4    0J   0J 

J-   on  o 

r— j-  o 

on  O  t^ 

rn  o  r- 

CO    On   rH, 

r-O    rH 

rH   'XI     JN 

LP,   [—   OJ 

O  CO  c— 

un 

OHh 

J-  o  no 

CO    LTN  OJ 

'vO     rH     C^ 

cj  r-  u-\ 

-J-    u-NCO 

OnoO  rH 

r->o 

r—  r— co 

co  vo  -d 

LTN  rH    C— 

vO   ON  OJ 

J"   CO    rH 

unvO  ON 

r-o  r-l 

-d"    rH    OJ 

H   OJ   lA 

r-  r~-  <-n 

OJ  VO  c~\ 

m 

on  m  o 

dOjO 

On   r-i    o 

OJ  OJ  OJ 

J"   VO    r-i 

rn  j-  on 

OJ  J- 

OJ 

o 

OJ 

OJ  OJ  On 

VO  U"\-d 

o  r-co 

h-  O    ^ 

^     lA^ 

.^■^co 

HlAH 

c\j  c~\  r— 

oj  lt>  r~— 

on\o  on 

J    r-i    r- 

rH   On  oj 

CO  r-i  c~} 

^X>    f—  LTN 

ON  LP.   rH 

CO  CO    rH 

OO  CO  OJ 

o 

r—  co  -d 

ON  on  CO 

CO   LP.  OJ 

LT-CO   OJ 

U*\  iT\  Q\ 

r^-  o\  cn 

0J  NO   CI 

r-  oj  -* 

r—-d  -* 

r-  on  on 

VO  vO  t-- 

vO  O  O 

oj  oj  r- 

O  rH  On 

OnVO  un 

LTN  „s  rO 

-d-  ctn  o- 

OJ    rH    o 

OJ  vO  vo 

un.  O  CO 

rH   CO   CO 

on  on  un 

J 

< 

s 

H\D   OJ 

[^-  LTN  <-\ 

OJ    ON 

u-vvO  0J 

•J-N  r-i 

OJ  -d 

ua  r-  oj 

OJ    OJ    rH 

rH  VO 

on  un 

O-l  rH 

r-i  J-    rH 

OJ 

-d 

M 

Q 

OJ    rH    f— 

VO  t*-co 

r-  ^  r- 

O  t-CO 

CO  O  OJ 

HQH 

ir\NO  oj 

H    ITMO 

CO  OJ  O 

on  ,— i  o 

e~-=r  r- 

vO  OJ  -d 

on-d  un 

r-on-d 

-d  _d-  ON 

nO  ON  J- 

0 

o 

|5 

on  no 

LT.-i")       L'' 

CnvO  rH 

J-  n  _* 

on  rH    C> 

LTN  CO  -d" 

7. 

0 

CNCO  o 

J"     rH    CO 

rH  VO    OJ 

VO   ON  OJ 

C\  lt\  On 

ON-d  OJ 

onvo  on 

vo  r-co 

un  r— VO 

un-d  CO 

CO  c— vO 

J"     0>rH 

un  on  on 

O  r-i  un 

ON  J-  VO 

ro  C— VO 

OJ  CO  j- 

OJ    LT\  J\ 

CO   CO     LTN 

OOJ4 

COO  J 

On  CTvt— 

r^  oj  oj 

CONH 

ojdd 

O  CO  co 

f—  unvo 

r-i\D  OJ 

un  o  -d 

onoj  -* 

OJ    OJ    rH 

ufN 

--*        OJ 

r-i  OJ 

r- 

g 

U 

un 

Ph 

< 

X 

HO0J 

oj  fj  m 

CO  J-  r- 

MD  OJ  ^D 

r-<  r—  j- 

CO  VO  -* 

LTV  LTN  LTN 

O    rH   CO 

o  onco 

CO  .jnCO 

oj  o  on 

un  O  vO 

on  on  on 

X 
0 
0 

B. 

Id 
> 

7. 

0 

u 

CM  VO   un 

£:^  ^ 

J-   -3-    LT- 

Onh- 

on  co  r— 

n   -f4 

u*n  onvO 

O  O   lo 

J"     OJ    rH 

HOd 

Oj  on  un 

< 

S 

0 

M 

K 
Q 

11 

O  ON  C— 

H(J4 

OJ   On-4- 

LTN   ON   rH 

m  J-  vo 

vO  CO  C- 

ONCO    O 

CO    rH  VO 

ON  rH    un 

O  CO  C— 

on  on  o 

-d 

On  it.  C\J 

Cv-d-  (M 

-J-  t—  co 

-3-   ,-<   t— 

C-VJD    rH 

on  i/N  a-» 

COCO  VO 

o  r-  m 

CO    rH    O 

un  CnQO 

ON  LTN  f- 

-d  O  OJ 

_d  vo  on 

o> 

t—    rH 

i/NJ-  OJ 

>-\  m  <-f 

rH 

r-i    rA    r-i 

OJ           NO 

r-i    r-i    IT 

r-i    r-i    r-\ 

oj  un 

OJ     r-i 

rH    OJ 

un 

CO  j-  CO 

ON  -H  tO 

U"^  LT\  O 

oj  m  oj 

LT\  r^i  O 

ON  f^-  LT- 

rH   OJ  CO 

J*  VO  VO 

VO    f-  OJ 

-d-  on  o 

ltn  on  un 

r-iCO   -=t 

O  NO    ON 

on  o  -d 

rH   CO    rH 

o  on  On 

CO            ON 

O 

iO 

*■• 

8 

HVOVO 

CO  -d 

n-i  oj  00 

OOJ 

OJ   IT\  OJ 

t—  lt\  <y- 

O  -J-    LT> 

no  OJ 

rH  cn  on 

VO    OJNO 

ON  O   OJ 

on  r-rH 

h 

H    IAH 

rH     LTWO 

sO   OJ  CO 

C*-   OJ    rH 

rH  mvo 

NO 

rH  VO 

0  XJ    '' 

-d  OJ  VO 

o  cc 

'On  o  OJ 

r-i  w\  rn 

j-  O  OJ 

on 

W       Q 

< 

u 
s- 
u 
.< 

ah 

U  ■/! 

* 

rH   rH 

cr« 

— t   OJ 

r-i 

r-i 

on 

-d- 

?7. 

O   O  VL) 

O  J-  cu 

CO  o  ^O 

r-  o\  oj 

OMJ  OJ 

rO  CO-J 

t^-  iT\  OJ 

OJ   OJ  VO 

onvo  o 

r—  oo  oj 

OJ  -d  CO 

t-   r-i   J- 

un  OO 

-d-  oj  -d- 

r-co  o 

ON  O  t— 

OJ         OJ 

t- 

^N    rH     O 

o  irs-d 

r—  ltv  t— 

CO  -4-  o 

m  c\  c 

oj  once 

OnO  -d- 

r—  cnvo 

On  once 

O    rA     r-i 

r- 

r.         "0 

LT\   LT\  <^~ 

CMAON 

VO   f— CO 

on-4-  o- 

-d  -d-  u-n 

OJ     L-~N   O- 

o  vo  CO 

on-d-  o 

r—  lp.  co 

LfNHd 

X)  onco 

-d        vo 

O 

< 

i 

(J          wi 

o       § 

CJ          m 

CO  «-H 

-3-  .3- 

G\4 

OJ  <h  m 

nn  f" 

J-   CO 

r-\   -4-    r-i 

OJ 

LTN         VO 

<H  OJ  un 

OJ        o 

r-i     OJ 

on  un 

m^ 

<-i  m 

OJ 

m 

r-i 

HO\J 

(^OCO 

O  h-  O 

0^  f-  ON 

VO  lt\  on 

rH    O  NO 

o  oo  m 

~=t  -d  o 

OJ  GN-d- 

ON  on  O 

OJ  CO  CO 

-d  r-i  m 

m       u~ 

r-i    \T\  U~\ 

r—  r—  oj 

VO  CN  o 

LT\  lT\  r^" 

on  o  cc 

COlAr- 

OJ  O  vO 

(J\rH  ^t 

ONCO   IP 

un  o  on 

un  r—  on 

J-          CC 

rn 

w 

Is 

H^O 

LT»H   f 

vo  o  r— 

4vOO 

vo  vo  vo 

O   VO     Lf> 

r—  o  cc 

co  on  oj 

r-  oncc 

O    CN  rH 

O  O  n 

vO  ON  o- 

CO          c 

_d 

W 

< 

-f  ^H  r-^ 

VO   CJ   rH 

CO   G^ 

CO  ON 

lAcj  r- 

1^—  rnvO 

O    t-  rH 

on  on  rn 

j- 

r-i               J" 

OJ    U"N  O 

rn  r-i  to 

OJ  c 

X)    ONrH 

rH  VO    OJ 

OnvO    rH 

-d 

rH 

OJ 

VD 

OJ 

vO  CO  un 

vo  lp  rn 

r~  rOiA 

U*N  l/N  J" 

^OHsD 

CO  rH  rn 

VO  VO  CO 

vD  CO  t^- 

vo  r— j- 

O  Onvo 

c-  o  o 

unvO  o 

unvO  vO 

c—  onvo 

rH   VO"© 

on  on  J- 

r-i  r-co 

NO  O  O 

LP,  f—  rH 

U3  mo\ 

O.QH 

CO  u"\_3- 

O  J-   OJ 

J"    t"-  rH 

■vD  on  c\j 

C*n  On  n 

rH  on  r- 

OncO  oj 

on'r— vo 

O  o  un 

r-i              VO 

16 

J-    r^\0 

O   u-\\jd 

CO  J-    OJ 

OJ  OJ  t— 

C~n  l/N  ON 

OJ     O     r-l 

rH  -d-   C 

rn^f    r^ 

ON  r-i    rr 

m  m  oj 

r-i             -d" 

fa 

jg 

ro  OJ  rH 

m  o  oj 

-4"    f- 

h\[j  n 

VO     r-i 

r-i    OJ 

on  o  oj 

H 

OJ  -d 

On            r-i 

rH   on 

CO 

O 
c/j 

z 

0 

1-1 

H 

rH 

nno 

O  C\J  w 

*o  on 

CO  CO  CO 

^Mrn 

CO    rH    0J 

^ 

J-  -*  J- 

r—  on  n 

rH    O    rH 

OJ  ONun 

-d  _d  O 

on  on  C— 

rn 

P 

<-h  lt>  m 

O  cj  <^n 

C—  on  t^ 

nn  r-- 

t~-  o  r— 

-d  u-v-d- 

f-VO   OJ 

co  on  on 

r—  j-  r- 

vo 

k.  -o 

OO    LTi 

ocoo 

J  •  J 

mco  O 

'-OOJ  VO 

or-  -& 

VO     rH  VO 

-d-  j-  u-n 

LTN  _d  VO 

CO    rH    O- 

un  OJ  lp 

lpco  r— 

OJ    rH    OJ 

J-  j-  co 

cn^t  co 

ON 

h 

<r 

*2 

Ca  cj  -d 

OJ  f-i  <H 

H-   =^ 

vO    [--   LTN 

U-N-J  CO 

ajnH 

J-    rH    0J 

CJ    rH  CO 

CO    on  rH 

-d"    OJ     rH 

-d- 

GO    on  or- 

VO    r-i    OJ 

OJ  VO   OJ 

LP.        -d 

OJ  CO  -d 

un  o 

on  r-i  _d- 

ON 

< 

8 

rn 

C/3 

A. 

CM    on  C\ 

f*-  ON-d- 

t—  lt^-=j- 

o  nr 

OJ    rH  J- 

r-vo  o 

VO  CO  CO 

co  r-  oj 

on  m  o 

co  r-  r- 

co  r—  on 

un-d-  o" 

LP.0J  NO 

X)  r-vo 

rH    on-d 

r—  -d>  vo 

-d- 

f—  LP,  ON 

■r^  [— j- 

U"N  -d"     LT« 

-  -  ~..c<- 

U-\CO    ON 

vo  r— co 

on  on  o 

rH   VO     r- 

ON  r-i  -d- 

J-  r-  -on 

ONCO    O 

onvo  o^ 

O 

36 

o  o  co 

maj  oj 

jmo 

h-  oj  r- 

vo  r-  o^ 

rH  co  -d 

onvo  oj 

VO   Onoj 

OlA(\ 

CO  On  OJ 

rH  un  On 

CO    ON  OJ 

COCO  n 

un 

vo  -d  CO 

r—  m  cn 

en  cn-* 

^   CO    O 

C\CO  c— 

r-vo  <m 

O   OJ    UN 

j-  oj  on 

vo  on  oj 

On  on  cr- 

t— vo  cc 

CvJ     rH   ^J- 

lArld 

-d-  vo  On 

O  CO    rH 

r-ojo 

-» 

h  row 

rH 

H  OJ 

OJ    rH 

r-H 

c*- 

r-i            OJ 

r-i                OJ 

r-i 

OJ 
VO 

a 
u 

CJ  CJ  Cn 

c\vo  VO 

HhH 

nr^iA 

r~-_d"  ro 

^o  ^o  r— 

ON  ON  rn 

LTN  CO    t— 

CO  On  J- 

rH  VO    f- 

vo  eg  o~ 

un  onvO 

on  t—  un 

4HCO 

on 

r—  ltt^ 

CO  O  OJ 

u-\  r—  oj 

vo  r-<  n 

vO  OJ   t~- 

vO  O  vC 

On  un  u*> 

OJ  vd  C 

30    rl   -d- 

On  cn-3- 

on  on  cv 

t— 

OJ    OA  LT> 

-d"  CO  OJ 

onvo  co 

ON_-t    f- 

J"     r-i    OJ 

rH  vo   O 

vO  onvo 

rH   CO    O 

4     UN   JN 

r—  j-  on 

CO    UNO 

r- 

VO0JO1 

oj  rn  ro 

fit-o 

•-{  \f\ 

ro  h^ 

r-i  -3- 

r-co  -* 

OJ    rH    C 

CJ         c~ 

r-i    r-i 

CVJ    t-   r-i 

oj  un 

rn  (*" 

o 

-.e- 

rH    rH 

CJ 

o 

OJ 

u 
H 
< 
H 

lis 
<<< 

1*1 
ill 

333 

?  *  ■- 

25S 

2  =  c 

*  §  s 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

a 

"■  —  X 

III 
2ZZ 

fc  J!  ° 

£  1 1 

a 

ss 

c  z  \B 

zzo 

a 

1    1 

«  t*  c 

Rhode  Island 
South  Carolina 
South  Dakota 

Tennessee 

Texas 
Utah 

Vermont 

Virginia 
Washington 

West  Virginia 

Wisconsin 

Wyoming 

a 
1c 

E 

< 

yi-y-'iu  i  *■ 


VOL.   26,   NO.    12 


FEBRUARY    1952 


Public  Roads 

A        JOURNAL        OF        HIGHWAY        RESEARCH 


PUBLISHED     BY 
THE    BUREAU    OF 
PUBLIC    ROADS, 
U.    S.    DEPARTMENT 
OF     COMMERCE, 
WASHINGTON 


Evening  peak   traffic   on   the  Shirley   Highway 


Public  Roads 


IN  THIS  ISSUE 


The  Effect  of  Travel  Time  and  Distance  on 
Freeway  Usage 


241 


Highway  Subdrainage 251 


The  Annual  Report  of  the  Bureau  of  Public  Roads  for 
the  fiscal  year  1951  is  now  available  from  the  Super- 
intendent of  Documents,  U.  S.  Government  Printing 
Office,    Washington    25,    D.  C,      at  35  cents  a  copy. 


A     JOURNAL     OF     HIGHWAY     RESEARCH 

Vol.  26,  No.  12  February  1952 

Published  Bimonthly 


BUREAU     OF     PUBLIC     ROADS 
Washington  25,   D.  C. 

Regional  Headquarters 

870  Market  St. 

San   Francisco  2,   Calif. 

DIVISION   OFFICES 

No.  1.  718  Standard  Bldg.,  Albany  7,  N.  Y. 

Connecticut,  Maine,  Massachusetts,  New  Hamp- 
shire, Neiv  Jersey,  New  York,  Rhode  Island, 
and  Vermont. 
No.  2.  707  Earles  Bldg.,  Hagerstown,  Md. 

Delaware,    District     of     Columbia,    Maryland, 
Ohio,  Pennsylvania,  Virginia,  and  West  Vir- 
ginia. 
No.  3.  50  Seventh  St.,  N.  E.,  Atlanta  5,  Ga. 
Alabama,  Florida,  Georgia,  Mississippi,  North 
Carolina,   South  Carolina,  and   Tennessee. 
No.  4.  South  Chicago  Post  Office,  Chicago  17,  111. 
Illinois,   Indiana,   Kentucky,   and  Michigan. 

No.   5.    (North).     Main   Post  Office,  St.   Paul  1, 
Minn. 
Minnesota,   North  Dakota,  South  Dakota,  and 
Wisconsin. 
No.   5.    (South).     Federal   Office   Bldg.,    Kansas 
City  6,  Mo. 
Iowa,  Kansas,  Missouri,  and  Nebraska- 
No.  6.  502  U.  S.  Courthouse,  Fort  Worth  2,  Tex. 

Arkansas,  Louisiana,  Oklahoma,  and  Texas. 
No.   7.  870  Market   St.,   San   Francisco  2,  Calif. 
Arizona,  California,  Nevada,  and  Hawaii. 

No.  8.  753  Morgan  Bldg.,  Portland  8,  Oreg. 
Idaho,   Montana,   Oregon,  and   Washington. 

No.  9.  Denver  Federal  Center,  Bldg.  T-2,  Denver, 
Colo. 

Colorado,   New   Mexico,    Utah,    and    Wyoming. 

No.  10.  Federal  Bldg.,  Juneau,  Alaska. 
Alaska. 


Public  Roads  is  sold  by  the  Superintendent  of  Documents, 
Government  Printing  Office,  Washington  25,  D.  C.,  at  $1  per 
year  (foreign  subscriptions  $1.25)  or  20  cents  per  single  copy. 
Free  distribution  is  limited  to  public  officials  actually  engaged 
in  planning  or  constructing  highways,  and  to  instructors  of 
highway  engineering.  There  are  no  vacancies  in  the  free  list 
at  present. 

The  printing  of  this  publication  has  been  approved  by  the 
Director    of    the    Bureau    of    the    Budget    January    7,     1949. 


Coolants  of  this  publication 
may  be  reprinted.    Mention 
of  source  is  requested. 


BUREAU    OF    PUBLIC    ROADS 

DEPARTMENT     OF     COMMERCE 

E.  A.  STROMBERG,  Editor 


Figure   1. — End   of   the   morning   peak    traffic   on    the   Shirley   Highway. 


The  Effect  of  Travel  Time  and  Distance 


on  Freeway  Usage 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  DAREL  L.  TRUEBLOOD 
Highway  Transport  Research  Engineer 


Until  recently,  few  data  have  been  available  concerning  the  factors  that 
influence  motorists  in  choosing  routes  of  travel  in  urban  areas.  Although  a 
number  of  different  factors  may  be  involved,  the  effect  of  travel  time  and  travel 
distance  seem  especially  desirable  for  initial  study  because  they  are  items  that  can 
be  measured  with  reasonable  accuracy  on  any  route  and  their  effect  on  the 
action  of  traffic  related  to  the  usage  of  that  route.  The  relation  of  these  two 
factors  to  the  usage  of  the  Shirley  Highway,  a  freeway  in  Arlington  and  Fairfax 
Counties,  Virginia,  has  been  made  a  subject  of  study  and  the  general  findings 
are  reported  in  this  paper. 

Before  definite  conclusions,  acceptable  for  wide  application,  can  be  reached, 
the  results  from  this  study  must  be  integrated  with  those  from  similar  studies 
now  underway  in  other  urban  areas.  In  general,  though,  it  appears  that  motorists 
regard  travel  time  as  more  important  than  distance  in  choosing  a  route  of  travel. 
Of  all  the  trips  on  the  Shirley  Highway  that  were  examined,  only  38  percent  saved 
distance  while  81  percent  saved  lime. 

That  motorists  are  also  influenced  to  some  extent  by  factors  other  than 
travel  time  and  distance  is  evidenced  by  the  fact  that  19  percent  of  the  Shirley 
Highway  trips  that  were  examined  lost  both  time  and  distance  by  using  that 
highway.  Furthermore,  of  all  the  trips  studied  that  could  have  saved  both  time 
and  distance  on  the  Shirley  Highway,  10  percent  used  an  alternate  route  instead. 
The  reasons  why  these  two  groups  of  motorists  chose  the  routes  of  travel  they 
did  is  a  question  that  can  only  be  resolved  by  additional  research. 


THE  NEED  for  increased  capacity  of 
our  urban  highway  systems  is  recog- 
nized equally  by  the  average  citizen  and 
the  highway  engineer,  since  both  are 
familiar  with  the  continued  increases  in 
vehicles  and  travel,  the  growing  number  of 
accidents,  and  the  economic  loss  due  to  traf- 
fic congestion.  To  be  really  effective,  mod- 
ernization must  be  on  a  scale  sufficiently 
generous  to  permit  the  safe,  rapid  flow  of 
the  large  volumes  of  traffic  that  stream 
daily  into  and  out  of  our  metropolitan  areas 
and  move  from  point  to  point  within  these 
areas.  This  requires  more  than  minor  im- 
provement of  existing  inadequate  streets. 
In  many  instances,  new  controlled-access 
expressways  to  provide  increased  capacity 
will  be  needed. 

Accepting  this  as  a  premise,  the  highway 
engineer  charged  with  the  responsibility  of 
planning  these  new  systems  is  immediately 
confronted  with  three  questions:  (1)  What 
is  the  capacity  of  the  existing  street  sys- 
tem? (2)  How  much  additional  capacity 
is  needed  to  serve  adequately  the  present 
and  future  over-all  traffic  demand?  (3) 
What  new  facilities  will  be  required  and 
what  volume  of  traffic  may  be  expected  on 
them? 
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Data  in  the  Highway  Capacity  Manual 1 
are  available  for  determining  an  answer 
to  the  first  question.  The  second  question 
can  be  answered  through  the  use  of  origin 
and  destination  traffic  study  techniques  de- 
veloped during  the  past  5  or  6  years,  when 
used  in  conjunction  with  estimates  of  fu- 
ture urban  growth.  The  highway  engineer 
is  not  so  fortunate  when  it  comes  to  answer- 
ing the  third  question,  however,  for  he  has 
not  been  able  to  estimate  with  confidence 
the  amount  of  traffic  a  new  facility  will 
attract  from  existing  streets.  Data  upon 
which  to  base  an  answer  to  this  question 
have  been  lacking.  The  delay  in  under- 
taking research  on  this  subject  may  be  at- 
tributed, not  to  a  failure  to  recognize  the 
need  of  such  information,  but  rather  to  a 
lack  of  urban  expressways  upon  which  data 
of  an  empirical  nature  could  be  collected. 

With  attention  focused  more  directly  on 
the  improvement  and  construction  of  high- 
way transportation  facilities  in  urban  areas 
during  the  past  few  years,  more  projects 
suitable  for  this  type  of  research  have 
become  available  for  study.  Interest  has 
recently  been  stimulated  through  the  efforts 
of  the  Subcommittee  on  Factual  Surveys 
of  the  American  Association  of  State  High- 
way Officials  and  studies  have  now  been 
undertaken  in  several  different  cities.  Such 
a  study  was  conducted  during  the  summer 
of  1950  on  the  urban  portion  of  the  Shirley 
Highway,  a  freeway  in  Arlington  and  Fair- 
fax Counties,  Va.  The  Traffic  and  Plan- 
ning Section  of  the  Virginia  State  Depart- 
ment of  Highways  assisted  in  this  study 
by  making  the  field  interviews. 

Conclusions 

Certain  general  conclusions  are  revealed 
from  the  data  collected  and  analyzed  in 
this  study,  but  these  findings  must  be  in- 
tegrated with  those  from  similar  studies 
now  underway  in  other  urban  areas  before 
definite  conclusions  acceptable  for  wide  ap- 
plication can  be  reached.  Considering  all 
of  the  passenger-car  trips  between  the 
origins  and  destinations  which  might  re- 
sult in  freeway  usage : 

1.  A  general  relation  is  found  between 
the  proportion  of  trips  via  the  freeway  and 
travel-distance  ratios,  but  the  variation  in 
usage  of  the  freeway  is  quite  large  when 
the  distance  by  way  of  the  freeway  is  ap- 
proximately equal  to  or  slightly  greater 
than  that  by  an  alternate  route. 

2.  Although  there  is  some  difference  in 
the  proportional  use  of  the  freeway  for 
trips  of  different  lengths,  the  difference 
does  not  appear  to  be  greatly  significant 
insofar  as  traffic  assignment  is  concerned. 

3.  Good  correlation  is  found  between  the 
proportion  of  trips  via  the  freeway  and 
the  ratio  of  travel  time  via  that  route  to 
the  time  via  the  most  favorable  alternate 
route. 
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4.  A  slightly  better  correlation  than  any 
other  explored  was  found  between  the  pro- 
portion of  trips  via  the  freeway  and  the 
actual  time  that  is  saved  or  lost  in  travel- 
ing by  way  of  the  freeway  as  compared 
with    that    by    an    alternate    route. 

5.  Motorists,  in  traveling  from  one  point 
to  another  in  the  study  area,  apparently 
regard  travel  time  as  more  important  than 
distance  in  selecting  a  route  of  travel.  Of 
all  the  trips  on  the  freeway  that  were  ex- 
amined, only  38  percent  saved  distance  by 
using  that  route,  while  81  percent  saved 
time. 

The  Problem 

The  complexity  of  travel  in  urban  areas 
is  known  to  all  who  study  city  traffic  and 
city  planning.  Parallel  streets  offer  many 
alternate  routes  of  travel  and  motorists 
in  their  daily  travel  do  not  hesitate  to 
change  routes  in  order  to  avoid  one  which 
has  become  congested  or  otherwise  unat- 
tractive to  use.  It  is  common  knowledge 
that  they  will  go  considerable  distances  out 
of  their  way  in  order  to  reach  attractive, 
free-flowing  arterials  of  modern  design. 

Origin  and  destination  traffic  studies  pro- 
vide information  concerning  the  total  num- 
ber of  vehicles  passing  from  one  zone  to 
another  in  urban  areas  but  this  knowledge, 
within  itself,  is  not  sufficient.  It  is  es- 
sential, for  purposes  of  design  and  for 
other  reasons,  to  estimate  the  number  that 
will  be  attracted  to  a  new  arterial  route 
when  it  is  constructed.  The  making  of 
such  traffic-volume  estimates  is  commonly 
referred  to  as  traffic  assignment.  Since 
the  major  proportion  of  the  traffic  that 
will  use  a  new  route  will  usually  consist 
of  vehicles  diverted  from  the  existing  street 
system,  the  extent  to  which  they  can  be 
diverted  to  the  new  route  and  the  factors 
which  influence  that  diversion  are  of  vital 
importance  to  those  who  have  the  respon- 
sibility for  planning  adequate  highway  fa- 
cilities. 

In  the  absence  of  factual  data  there  is 
at  present  some  disagreement  among  high- 
way engineers  regarding  the  reasons  a 
motorist  chooses  one  route  instead  of  an- 
other. Consequently  there  is  lack  of  agree- 
ment regarding  the  proper  basis  upon 
which  to  make  traffic  assignments.  Travel 
time,  travel  distance,  length  of  trip,  ability 
to  keep  moving,  safety,  convenience,  econ- 
omy, habit,  and  other  factors  may  enter 
into  the  choice.  Very  little  is  known,  as 
yet,  about  the  individual  effect  of  any  one 
of  these  factors.  Some  engineers  consider 
travel  time  alone  to  be  the  most  significant; 
others  believe  travel  time  and  travel  dis- 
tance to  be  equally  important;  opinions 
concerning  the  significance  of  the  other 
factors   are  usually   indefinite  and  varied. 

Although  it  is  possible  that  a  number  of 
different  factors  may  be  involved,  travel 
tirre  and  travel  distance  appear  the  most 
promising  for  initial  study  because  they 
are  measurable  items.  Both  travel  time 
and  distance  can  be  determined  with  reason- 


able accuracy  on  any  route,  even  a  new 
one  proposed  for  construction.  Further- 
more, if  a  definite  relation  exists  between 
either  one  or  a  combination  of  these  two 
factors  and  the  choice  of  routes,  that  rela- 
tion, when  established,  will  provide  a  prac- 
ticable basis  upon  which  traffic  assign- 
ments can  be  made  with  confidence.  It  is, 
therefore,  the  effect  of  these  two  factors 
on  the  usage  of  the  Shirley  Highway  that 
is  explored  in  this  study.  The  findings 
reported  herein  pertain  strictly  to  diverted 
traffic  and  are  limited  to  passenger-car 
travel. 

The  Henry  G.  Shirley  Memorial  High- 
way extends  southwesterly  through  Arling- 
ton and  Fairfax  Counties  in  Virginia  from 
a  point  near  the  Pentagon.  At  the  north 
end  it  connects  with  a  network  of  express- 
ways serving  that  building,  and,  via  this 
network,  with  three  bridges  crossing  the 
Potomac  River  to  Washington,  D.  C.  Ac- 
cess to  either  the  Shirley  Highway  or 
several  alternate  routes  of  travel  from 
any  one  of  the  three  bridges  is  readily 
available  by  way  of  this  network. 

Shirley  Highway  Selected  for  Study 

The  Shirley  Highway  is  a  four-lane, 
divided  freeway  with  full  control  of  access 
throughout  its  entire  length.  Each  lane  is 
12  feet  wide,  and  a  30-foot  grass  median 
separates  the  opposing  directions  of  travel. 
The  posted  speed  limit  for  passenger  cars 
in  Arlington  County  is  50  miles  per  hour, 
while  in  Fairfax  County  it  is  55  miles  per 
hour.  Through  trucks  were  prohibited  from 
using  the  route  at  the  time  of  this  study. 

The  length  of  the  freeway  is  approxi- 
mately 18  miles  from  its  beginning  near 
the  Pentagon  to  the  point  where  it  joins 
U  S  1  south  of  Alexandria.  Slightly  more 
than  5  miles  at  the  north  end  pass  through 
a  residential  area  suitable  for  a  study  ef 
the  type  herein  reported.  Within  the  5- 
mile  section  are  five  traffic  interchanges 
where  vehicles  may  enter  or  leave  the  free- 
way. At  the  time  of  this  study,  the  av- 
erage weekday  traffic  volume  near  the  mid- 
dle of  the  study  section  was  about  30,000 
vehicles  per  day,  including  both  directions 
of  travel. 

The  cover  illustration  shows  the  Shirley 
Highway,  looking  north  from  a  point  just 
north  of  the  Glebe  Road  interchange.  This 
picture,  taken  in  September  1950  at  5:30 
p.m.,  shows  the  heavy  outbound  movement 
of  traffic  during  the  evening  peak  period 
of  travel.  Figure  1  is  a  view  in  the  op- 
posite direction,  looking  south  from  the 
Arlington  Ridge  Road  interchange.  This 
picture  was  taken  in  April  1950  about  9 
a.m.,  just  after  the  inbound  morning  peak 
had  passed.  Some  of  the  populous  residen- 
tial area  served  by  the  freeway  is  shown  in 
the  background. 

There  are  three  principal  alternate  routes 
of  travel,  in  addition  to  the  Shirley  High- 
way, which  serve  the  area  selected  for 
studv.     These   are  the   Mount  Vernon   Me- 
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morial  Highway,  Jefferson  Davis  Highway 
(U  S  1),  and  Columbia  Pike.  The  latter 
two  are  typical  city-street  arterials  with 
the  usual  signalized  intersections,  commer- 
cial development,  and  accompanying  traffic 
congestion.  The  Mount  Vernon  Memorial 
Highway,  being  in  the  nature  of  a  park- 
way, is  more  attractive  to  travel  than  the 
other  two.  There  are,  of  course,  many 
city  streets  of  lesser  importance  than  the 
three  arterials  named  that  also  serve  the 
area. 

The  map  in  figure  2  shows  the  general 
area  of  the  study  and  the  location  of  the 
Shirley  Highway  in  relation  to  the  alter- 
nate routes  and  the  city  streets  serving 
the  area. 

Study  Procedure 

The  procedure  adopted  utilizes  the  origin 
and  destination  data  collected  in  the  Wash- 
ington metropolitan  area  transportation 
survey,  combined  with  those  obtained  from 
roadside  interviews  made  at  points  of  exit 
along  the  Shirley  Highway.  With  these 
data  at  hand,  supplemented  with  travel 
time  and  distance  measurements,  it  was 
possible  to  relate  the  percentage  of  traffic 
using  the  freeway  between  certain  origins 
and  destinations  with  the  ratio  of  travel 
time  or  distance  by  way  of  the  freeway 
to  that  by  an  alternate  route. 

The  Washington  transportation  survey 
provided  information  concerning  the  total 
number  of  passenger  cars  moving  from 
one  zone  to  another  regardless  of  the  route 
traveled.  This  survey  was  conducted  dur- 
ing the  summer  and  fall  of  1948  by  the 
home-interview  method,  a  5-percent  sample 
of  the  dwelling  units  being  interviewed. 

In  order  to  adjust  for  the  larger  volume 
of  traffic  in  1950,  the  zone-to-zone  move- 
ments from  the  1948  survey  were  uniformly 
increased  by  20  percent.  The  amount  of 
this  increase  was  estimated  from  July  and 
August  traffic  counts  made  in  1948  and 
in  1950  at  10  automatic  recorder  stations 
in  the  metropolitan  area  and,  also,  from 
a  comparison  of  the  travel  in  1948  with 
that  in  1950  between  the  city  of  Washing- 
ton and  the  Fairlington  apartment  develop- 
ment. Fairlington  is  a  large  residential 
development,  containing  about  3,600  dwell- 
ing units  and  housing  approximately  12,000 
people,  located  directly  on  the  Shirley  High- 
way at  the  Arlington-Fairfax  county  line. 
Practically  all  of  the  dwelling  units  were 
occupied  in  1948  and  also  in  1950,  so  a 
direct  comparison  of  the  traffic  data  was 
possible. 

An  increase  of  15.2  percent  was  found 
at  the  recorder  stations  and  an  increase 
of  23.1  percent  in  the  Washington-to-Fair- 
lington  traffic.  It  was  decided  to  give 
slightly  more  weight  to  the  latter,  and  a 
20-percent  increase  was  selected  as  reason- 
able for  the  uniform  expansion.  In  ad- 
dition to  this  expansion,  certain  zone-to- 
zone  movements  were  increased  by  ap- 
propriate  supplemental   factors  to  account 


for  unusual  changes  in  population,  employ- 
ment, and  commercial  development  known 
to  have  occurred  since  1948. 

The  number  of  passenger  cars  using  the 
Shirley  Highway  in  going  from  one  zone 
to  another  was  determined  from  data  col- 
lected at  roadside  interview  stations.  In- 
terview stations  were  established  on  all 
exit  ramps  along  the  freeway  from  its  be- 
ginning near  the  Pentagon  to  the  end  of 
the  study  area  near  the  Lincolnia  inter- 
change (Virginia  Route  No.  236).  This 
required  five  interview  stations.  At  the 
end  of  the  study  area,  just  north  of  the 
Lincolnia  interchange,  a  station  was  es- 
tablished directly  on  the  Shirley  Highway 
and  a  sample  of  all  outbound  passenger 
cars  passing  this  point  was  interviewed. 
Also,  to  assist  in  determining  the  total 
travel  to  some  of  the  outlying  zones,  a 
supplemental  interview  station  was  estab- 
lished on  Columbia  Pike.  The  location  of 
these  stations  is  indicated  by  distinctive 
symbols  on  the  map  in  figure  2. 

Each  station  was  operated  for  a  period 
of  16  hours  on  a  weekday,  6  a.m.  until 
10  p.m.,  by  an  experienced  crew  of  the 
Traffic  and  Planning  Section  of  the  Vir- 
ginia Department  of  Highways.  During 
the  time  of  this  study,  July  19  to  August 
3,  1950,  an  average  of  23,249  passenger 
cars  passed  the  six  interview  stations  along 
the  Shirley  Highway  in  the  16-hour  period. 
Interviews  were  obtained  from  the  drivers 
of  15,667  of  these  vehicles,  or  about  67 
percent. 

The  data  were  coded,  punched  on  tabu- 
lating cards,  and  appropriate  factors  ap- 
plied by  hourly  periods  to  expand  the  in- 
formation to  an  average  24-hour  weekday 
representative  of  the  period  of  the  study. 
A  tabulation  was  then  prepared  showing 
the  zone  of  origin  and  the  zone  of  destina- 
tion of  all  outbound  passenger-car  drivers 
using  the   freeway. 

In  order  to  investigate  the  effect  of  travel 
time  on  the  choice  of  route,  it  was  neces- 
sary to  determine  the  time  required  to 
travel  between  points  of  origin  and  destina- 
tion via  the  freeway  and  via  the  alternate 
routes.  A  comprehensive  travel-time  map 
prepared  for  the  Washington  transporta- 
tion survey  provided  much  useful  informa- 
tion in  this  connection.  Check  runs  by  the 
"floating-car"  method  were  made  on  the 
freeway  and  on  the  principal  alternate 
routes  to  test  for  differences  between  1948 
and  1950  travel  time.  The  times  recorded 
represent  average  peak-hour  conditions  on 
a  weekday  and  were  measured  to  the  center 
of  population  of  each  zone. 

As  with  the  travel-time  measurements, 
the  distances  were  measured  to  the  center 
of  population  of  each  zone  via  the  freeway 
and  via  the  shortest  alternate  route.  In 
each  case  the  mileage  was  scaled  from  a 
1 :24,000-scale  map  of  the  study  area.  A 
number  of  field  checks  made  with  a  pas- 
senger car  showed  close  agreement  between 
the  scaled  distances  and  the  odometer  read- 
ings. 


The  time  and  distance  measurements  as 
well  as  the  traffic  volumes  between  points 
of  origin  and  destination  used  in  the  study 
are   shown   in  table   1. 

Method  of  Analysis 

Since  a  part  of  the  basic  data  for  this 
study  was  derived  from  a  5-percent  sample 
of  travel,  it  follows  that  zone-to-zone  move- 
ments of  very  low  volume  are  not  suitable 
for  use.  For  this  reason,  it  was  decided 
to  consider  the  city  of  Washington  and  its 
Maryland  suburbs  as  a  single  zone  for 
purposes  of  this  study.  All  trips  originat- 
ing therein  and  destined  to  zones  in  the 
study  area  must  cross  one  of  the  three  Po- 
tomac River  bridges  designated  in  figure  2. 
Thus,  for  purposes  of  this  analysis,  these 
bridges  have  been  considered  as  points  of 
origin  for  all  trips  beginning  on  the  Wash- 
ington side  of  the  Potomac  River.  While 
information  relative  to  the  actual  bridge 
crossed  was  not  available,  groups  of  trips 
were  assigned  to  the  most  logical  crossing 
according  to  their  zone  of  origin  and  zone 
of  destination. 

The  Pentagon  and  the  Navy  Annex  Build- 
ing are  major  traffic  generators  on  the  Vir- 
ginia side  of  the  Potomac  River  and  these, 
in  addition  to  the  three  bridges — Four- 
teenth Street,  Memorial,  and  Key — span- 
ning the  Potomac  River,  comprise  the  five 
points  of  origin  used  in  the  study. 

By  reviewing  the  tabulation  of  passen- 
ger cars  that  used  the  freeway  it  was  pos- 
sible to  determine  the  zones  in  Arlington 
and  Fairfax  Counties  that  were  destina- 
tions of  a  substantial  number  of  vehicles 
using  that  facility.  Twenty-one  such  zones 
were  tentatively  selected.  The  findings  re- 
ported in  this  article  are  based  on  an  analy- 
sis of  the  travel  from  the  5  points  of  origin 
to  these  21  zones  of  destination.  In  total, 
105  different  groups  of  trips  were  examined, 
but  15  were  found  to  be  unsatisfactory  for 
use  because  of  inadequate  samples,  uncer- 
tainties in  adjustment  of  1948  travel  to 
1950,  or  for  some  other  reason,  and  these 
movements  were  disregarded  in  the  analy- 
sis. Also  disregarded  in  the  analysis  were 
trips  originating  outside  of  the  Washington 
metropolitan  area,  since  it  was  assumed 
that  a  majority  of  these  trips  would  tend 
to  follow  marked  routes  regardless  of  the 
attractiveness  of  such  routes  for  travel. 
In  table  1  it  will  be  noted  that  a  few  zone- 
to-zone  movements  of  low  volume  were  used, 
this  being  made  possible  through  the  use 
of  the  data  collected  at   the   supplemental 

Table    2. — Total   number    of   trips    studied 


Number  of 
trips 

Percentage 
of  total 

8,152 
11,604 

Percent 
39.0 
55.5 

On  alternate  routes 

19,756 
1,158 

94.5 
5.5 

Total     

20,914 
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Figure   3. — Freeway   usage   in  relation   to   time  ratio. 

roadside     interview    station    on     Columbia      circles  represent  2,282  trips  originating  at 


Pike. 

Table  2  summarizes  the  total  number  of 
trips  included  for  study  and  classifies  them 
according  to  travel  on  the  freeway,  on 
alternate  routes,  and  those  that  were  not 
used. 

Freeway  Use  Relation  to  Travel  Time 

Figure  3  shows  the  percentage  of  pas- 
senger-car traffic  using  the  freeway  for 
various  travel-time  ratios.  The  travel- 
time  ratio  in  each  case  was  derived  by 
dividing  the  amount  of  time  required  to 
make  the  trip  via  the  freeway  by  that  re- 
quired via  the  most  favorable  alternate 
route.  Each  symbol  represents  the  group 
of  trips  beginning  at  one  of  the  5  points 
of  origin  and  ending  in  one  of  the  21  zones 
of  destination.  For  example,  the  small 
circle  near  the  middle  of  the  chart  in  the 
upper  right  quadrant  (1.07  time  ratio  and 
53  percent  freeway  usage)  represents  the 
group  of  trips  beginning  at  the  Pentagon 
and  ending  in  zone  9.  Table  1  shows  the 
total  number  of  trips  in  this  movement  to 
be  75,  of  which  40  used  the  Shirley  High- 
way. The  dot  to  the  left  and  slightly  be- 
low the  circle,  but  also  in  the  upper  right 
quadrant,  represents  a  movement  of  113 
trips  beginning  on  the  Washington  side  of 
the  Potomac  River,  crossing  Key  Bridge 
and,  as  it  happens,  also  ending  in  zone  9. 
Fifty-seven  of  these  trips  used  the  Shirley 
Highway. 

In  total,  the  56  dots  on  the  chart  represent 
16,970  trips  originating  on  the  Washington 
side    of  the    Potomac    River,   the    18   small 
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the  Pentagon,  and  the  16  crosses  represent 
914  trips  originating  at  the  Navy  Annex 
Building.  Included  are  two  groups  totaling 
410  trips  that  were  not  used  in  subsequent 
analyses  because  they  fall  so  far  out  of 
the  general  range  of  the  other  points.     The 


symbols  for  these  groups  are  in  the  20-30 
percent  usage  of  the  chart,  to  the  left  of 
0.9  time  ratio. 

Although,  as  expected,  there  is  some 
scatter  in  the  points,  they  seem  to  fall 
within  a  reasonably  close  band  all  the  way 
across  the  chart.  The  general  pattern  sug- 
gests the  probability  of  a  relation  that  may 
be  expressed  in  terms  of  an  S  curve.  No 
attempt  was  made  to  fit  a  curve  to  the 
points  on  this  chart,  however,  because  they 
represent  different  values  insofar  as  the 
number  of  trips  is  concerned. 

To  arrive  at  a  weighted  mean,  and  also 
to  reduce  the  number  of  points,  the  data 
were  summarized  by  combining  those  move- 
ments which  have  the  same  travel-time 
ratio  within  increments  of  one-tenth  (for 
example,  0.96  to  1.05)  and  computing  the 
percentage  of  the  total  trips  of  these  com- 
bined movements  that  used  the  freeway. 
The  results  of  this  summarization  are 
shown  by  small  circles  in  figure  4.  The  po- 
sition of  these  circles  clearly  indicates  a 
definite  relation  between  travel-time  ratios 
and  freeway  usage.  While  all  of  the  circles 
do  not  fall  directly  on  a  smooth  S  curve, 
especially  at  each  extremity,  those  near  the 
center  fit  remarkably  well.  This  may  be 
due,  in  part,  to  the  greater  number  of  trips 
represented  by  those  points.  The  position 
of  the  five  circles  near  the  center  (0.8  to 
1.2  time  ratios)  was  determined  from  a 
study  of  11,205  trips,  while  the  position  of 
the  remaining  seven  circles  was  determined 
from  8,551  trips.  The  curve  in  figure  4 
(and  all  others  shown  in  this  article)  was 
fitted  by  inspection. 

From    this    curve    it    is    apparent    that 
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Figure  4. — Curve  for  freeway  usage  in  relation  to  time  ratio. 
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Figure  5. — Freeway   usage   in   relation   to  distance  ratio. 


practically  all  of  the  motorists  use  the  free- 
way when  the  travel  time  by  way  of  that 
route  is  less  than  0.4  of  that  by  way  of  the 
most  favorable  alternate  route.  At  the 
other  extreme,  when  travel  time  via  the 
freeway  is  greater  than  1.7  times  that  via 
an  alternate,  almost  all  of  the  motorists 
use  the  alternate  route.  When  the  travel 
time  is  the  same  on  the  freeway  as  that  on 
an  alternate  route,  approximately  48  per- 
cent of  the  drivers  choose  the  freeway  even 
though  it  is  necessary  to  travel  additional 
distance  in  order  to  do  so. 

Freeway  Use  Relation  to  Distance 

Figure  5  shows  the  percentage  of  pas- 
senger-car traffic  using  the  freeway  for 
various  travel-distance  ratios.  The  same 
general  procedure  was  used  in  developing 
this  chart  as  was  used  for  the  one  shown 
in  figure  4.  In  this  case,  however,  the  scat- 
ter of  the  points  is  much  greater,  especially 
near  the  middle  of  the  chart  between  1.0 
and  1.4  distance  ratios.  Even  though 
weighted  means  for  groups  of  points  with 
so  much  variation  have  little  significance, 
the  data  were  summarized  by  one-tenth 
distance  ratios  (shown  by  the  small  circles), 
and  a  curve  fitted  to  these  circles.  Note 
that  the  shape  of  this  curve,  unlike  that  of 
the  time-ratio  S  curve,  is  concave  through- 
out. 

It  is  evident  from  the  data  represented 
on  this  chart  that  practically  all  of  the 
motorists  use  the  freeway  when  the  distance 
ratio  is  less  than  0.8  and  very  few  use  it 
when  the  ratio  is  greater  than  1.7.  The 
usage  when  the  distance  ratios  are  be- 
tween   1.0    and    1.1    varies   from    22    to   92 


percent.  The  exact  reason  for  such  a  wide 
variation  is  unknown,  although,  from  a 
supplementary  analysis,  it  appears  to  be 
directly  related  to  the  quality  of  the  traffic 
service  provided  by  the  alternate  routes. 
The  22  movements  comprising  these  trips 
were  separated  into  two  groups — one  group 
having  a  choice  of  the  freeway  or  an  al- 
ternate providing  reasonably  good  traffic 
service,  and  another  group  that  must  choose 
between  the  freeway  or  a  relatively  poor 
alternate.  Of  the  first  group,  only  37.1 
percent  chose  the  freeway,  while  66.6  per- 
cent of  the  second  group  chose  that  route. 
Furthermore,  all  except  two  of  the  eight 
movements  included  with  the  first  group 
could  travel  via  alternate  routes  in  the 
same  or  less  time  than  via  the  freeway, 
while  all  except  one  of  the  fourteen  move- 
ments included  with  the  second  group  could 
save  time  by  using  the  freeway.  Thus  it 
is  apparent  that  motorists  making  trips 
that  are  approximately  equal  in  distance  by 
the  freeway  and  by  an  alternate  route 
choose  the  former  in  greater  proportions 
when  travel  time  can  be  saved  by  doing  so. 

Freeway  Use  Relation  to  Time  and 
Distance  Combined 

Since  both  the  travel-time  ratio  and  the 
distance  ratio  appear  to  bear  some  relation 
to  the  use  of  the  freeway,  it  was  decided 
to  investigate  a  combination  of  the  two. 
With  this  in  mind,  the  distance  ratio  was 
divided  by  the  time  ratio  for  each  group 
of  trips,  in  effect  giving  a  speed  ratio,  and 
the  result  plotted  according  to  the  percen- 
tage of  passenger-car  traffic  using  the  free- 
way   in    each    case.     No    correlation    was 


found  with  this  procedure.  A  second  at- 
tempt was  made  to  combine  the  two  ratios, 
in  which  the  time  ratio  and  the  distance 
ratio  for  each  group  of  trips  were  multi- 
plied and  the  product  plotted  according  to 
the  percentage  of  passenger-car  traffic  using 
the  freeway  in  each  case.  Figure  6  shows 
the  results  of  this  combination  after  the 
detailed  data  were  summarized  by  incre- 
ments of  one-tenth. 

The  tendency  is  more  toward  a  straight 
line  than  the  S  curve  found  in  connection 
with  the  time  ratio  (fig.  4).  This  is  to  be 
expected  because,  as  a  matter  of  mathe- 
matics, the  product  of  the  time  and  distance 
ratios  tends  to  drop  the  relative  position  of 
the  product  curve  below  that  of  the  time- 
ratio  curve  for  each  group  of  trips  having 
a  time  ratio  and  a  distance  ratio  both  less 
than  1.0.  Conversely,  the  tendency  is  to 
raise  the  relative  position  where  either  or 
both   ratios  are   greater  than   1.0. 

While  a  relation  between  the  freeway 
usage  and  the  travel  time-distance  ratio 
product  seems  to  exist,  the  correlation  is 
not  as  good  as  that  found  with  the  time 
ratio  alone.  The  relation  shown  in  figure 
6  is  of  general  interest,  but  it  appears  to 
be  less  practicable  and  would  provide  less 
accurate  results  than  the  time-ratio  curve 
if  used  as  a  basis  for  making  traffic  as- 
signments. 

Freeway  Use  Relation  to  Time 
Differential 

Figure  7  shows  the  percentage  of  pas- 
senger-car traffic  using  the  freeway  based 
on  the  actual  number  of  minutes  motorists 
saved  or  lost  by  using  that  route  as  com- 
pared with  an  alternate.  Here,  as  in  the 
case  of  the  travel-time  ratio,  the  points  fall 
within  a  reasonably  close  band  which  un- 
mistakably suggests  an  S-curve  relation. 

The  curve  shown  was  drawn  to  fit  the 
weighted  means  computed  for  each  minute 
saved  and  each  minute  lost.  As  on  previous 
charts,  the  weighted  means  are  indicated 
by  small  circles.  The  resulting  curve  shows 
that  where  any  group  of  motorists  can 
save  8  or  more  minutes  by  using  the  free- 
way, they  all  choose  that  route.  At  the 
other  extreme,  a  few  motorists  use  the 
freeway  even  though  they  lose  4  or  5  min- 
utes by  doing  so.  When  travel  time  via 
the  freeway  is  the  same  as  that  via  an 
alternate  route,  the  curve  shows  that  ap- 
proximately 48  percent  of  the  motorists 
choose  the  freeway.  This  agrees  properly 
with  the  percentage  use  shown  by  the  time- 
ratio  curve  when  the  travel  times  are 
equal. 

An  interesting  feature  of  this  relation  is 
its  tendency  to  group  zone-to-zone  move- 
ments according  to  length.  The  longer 
trips  tend  to  fall  near  the  extremities  of 
the  curve  while  the  shorter  trips  are 
grouped  nearer  the  middle.  This  is  readily 
understandable,  because  it  would  be  im- 
possible to  save  or  lose  several  minutes  by 
using  the  freeway  instead  of  an  alternate 
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Figure  6. — Freeway  usage  in  relation  to  product  of  time  and  distance  ratios. 


route  in  making  short  trips  of  only  5  or 
10  minutes  total  duration.  On  the  other 
hand,  in  making  trips  of  20  or  30  minutes 
duration,  a  time  differential  of  several 
minutes  would  not  be  at  all  unlikely. 
It  is  this  tendency  of  trips  to  fall  into 


groups  according  to  length  that  results  in 
somewhat  better  correlation  between  free- 
way usage  and  time  differential  than  be- 
tween freeway  usage  and  time  ratio.  The 
reason  for  this  difference  is  brought  out 
in  figure  8. 


Freeway  Use  in  Relation  to  Trip 
Length 

Figure  8  shows  the  percentage  of  pas- 
senger-car traffic  using  the  freeway,  based 
on  travel-time  ratios,  for  three  increments 
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Figure   7. — Freeway  usage  in   relation   to   time   differential. 
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of  travel  distance:  4.0  miles  and  less,  4.1 
to  6.4  miles,  and  6.5  miles  and  greater. 
The  distance  by  way  of  the  freeway  was 
used  in  grouping  the  trips  into  the  three 
increments  of  length.  The  length  in  each 
case  is  the  over-all  distance  between  one 
of  the  five  points  of  origin  and  one  of  the 
zones  of  destination.  On  this  basis,  the 
shortest  trip  included  is  1.7  miles  while  the 
longest  is  17.1  miles. 

It  is  evident  from  the  position  of  the 
three  curves  in  figure  8  that,  when  the 
time  ratio  is  less  than  1.07,  a  greater  per- 
centage of  the  longer  trips  than  of  the 
shorter  trips  are  on  the  freeway.  When 
the  time  ratio  is  greater  than  1.07,  however, 
the  position  of  the  curves  is  reversed  and 
a  larger  percentage  of  the  shorter  trips 
are  on  the  freeway.  For  example,  when 
the  travel-time  ratio  is  0.7,  these  curves 
show  that  89  percent  of  the  longer  trips 
are  on  the  freeway  and  only  82  percent 
of  the  shorter  ones.  When  the  time  ratio 
is  1.4,  only  3  percent  of  the  longer  trips 
are  on  the  freeway  but  there  are  15  percent 
of  the  shorter  ones. 

The  explanation  for  this  relation  appears 
to  be  directly  connected  with  the  actual 
amount  of  time  motorists  can  save,  or  will 
lose,  in  making  trips  of  various  lengths 
by  one  route  as  compared  with  that  of  an- 
other. This  point  can  best  be  explained 
by  an  example.  Assume  a  long  trip  to  re- 
quire 20  minutes  by  way  of  the  freeway 
and  a  short  one  5  minutes.  If  the  time 
ratio  is  0.7,  motorists  making  the  longer 
trip  save  8.6  minutes  by  using  the  freeway 
while  those  making  the  shorter  trip  save 
only   2.1   minutes.     The   actual    amount  of 
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Figure  8. — Effect  of  trip  length  on  freeway  usage. 


time  saved  in  the  case  of  the  longer  trip 
is  four  times  as  great  as  that  for  the 
shorter  trip.  When  the  time  ratio  is  1.4, 
however,  motorists  lose  5.7  minutes  in  mak-. 
ing  the  longer  trip  by  way  of  the  freeway, 
but  only  1.4  minutes  for  the  shorter  one. 
In  this  case  the  loss  in  time  is  about  four 
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Figure  9. — Freeway  usage  in  relation  to  time  and  distance  ratios. 
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times  as  great  for  the  longer  trip. 

Thus  it  seems  that  motorists  attach  sig- 
nificance to  the  actual  amount  of  time 
saved  or  lost  in  traveling  from  one  point 
to  another  in  urban  areas  (especially  when 
the  amount  is  substantial)  as  well  as  to 
the  relative  travel  time  by  way  of  one 
route  compared  with  that  of  another.  It 
is  quite  possible,  in  the  case  of  the  shorter 
trips,  that  the  increment  of  time  saved  or 
lost  is  so  small  that  it  is  not  only  insigni- 
ficant but  probably  unknown  to  motorists. 
This  might  further  explain  the  reason  for 
the  relative  position  of  the  curves  in  fig- 
ure 8. 

If  the  travel-time  ratio  were  the  only 
criterion,  the  point  at  which  the  curves  in 
figure  8  cross  each  other  would  occur  at  a 
ratio  of  1.0  instead  of  1.07.  The  positions 
of  the  curves  show  that,  when  the  travel- 
time  ratio  is  1.0,  the  freeway  is  slightly 
more  attractive  to  motorists  making  long 
trips  than  it  is  to  those  making  short  trips. 
The  difference  is  so  small  in  this  case, 
however,  that  it  could  not  be  considered 
significant  insofar  as  traffic  assignment  is 
concerned. 

Freeway  Use  in  Relation  to  Time 
and  Distance  Ratios 

The  percentage  use  of  the  freeway  in 
relation  to  travel-time  ratios  and  to  travel- 
distance  ratios  has  been  shown  on  charts, 
separately,  in  figures  4  and  5.  In  figure  9 
these  two  ratios  and  the  percentage  use  of 
the  freeway  are  shown  on  the  same  chart 
in  order  that  the  general  relation  of  the 
three  variables   can  be  visualized   and  ex- 
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plored.  Each  dot  on  the  chart  represents 
a  zone-to-zone  movement  and  the  adjacent 
numeral  indicates  the  percentage  of  that 
movement  using  the  freeway.  These  are 
plotted  according  to  the  time  and  distance 
ratios   for   each   such   movement. 

The  four  statements  shown  in  brackets 
on  the  chart,  relative  to  saving  or  losing 
time  and  distance,  apply  to  the  four  quad- 
rants formed  by  the  heavy  vertical  line  at 
time  ratio  1.0  and  the  heavy  horizontal  line 
at  distance  ratio  1.0.  These  statements 
refer  to  trips  made  by  way  of  the  freeway. 
Note  that  the  lower  right  quadrant  does 
not  contain  any  dots.  This  is  proper  be- 
cause, in  this  study,  the  average  speed  of 
travel  on  the  freeway  exceeds  that  on  any 
alternate  route ;  consequently,  any  zone-to- 
zone  movement  that  would  have  lost  time 
on  the  freeway  would  also  have  lost  dis- 
tance. 

It  is  of  interest  that,  in  total,  the  free- 
way was  used  by  17  percent  of  the  zone-to- 
zone  movements  plotted  in  the  upper  right 
quadrant,  by  60  percent  of  those  plotted 
in  the  upper  left  quadrant,  and  by  90  per- 
cent of  those  plotted  in  the  lower  left  quad- 
rant. Interpreting  these  percentages  fur- 
ther, of  the  motorists  whose  trips  were 
studied  that  would  have  lost  both  time  and 
distance  by  using  the  freeway,  17  percent 
chose  to  do  so,  as  did  60  percent  of  those 
who  would  have  saved  time  but  lost  dis- 
tance. On  the  other  hand,  of  the  motorists 
that  could  have  saved  both  time  and  dis- 
tance by  using  the  freeway,  10  percent  did 
not  do  so.  This,  again,  seems  to  indicate 
the  presence  of  factors  other  than  time  and 
distance  that  influence  motorists  in  their 
choice  of  route. 

The  two  dashed  lines  extending  from  the 
lower  left  to  the  upper  right  of  the  chart 
indicate  the  general  range  of  time  and 
distance  ratios  within  which  usage  of  the 
freeway  occurs.  The  five  solid  lines  sloping 
upward  slightly  to  the  left  subdivide  the 
area  between  the  dashed  lines  into  six  seg- 
ments. Each  segment  represents  roughly 
a  certain  percentage  range  for  use  of  the 
freeway  as  designated  by  the  line  of  nu- 
merals extending  diagonally  across  the 
chart  above  the  upper  dashed  line,  most  of 
the  percentages  within  a  segment  falling 
within  the  range  indicated.  It  will  be  noted 
that   the   percentage   of  use   gradually    de- 


creases from  100  percent  at  the  lower  left 
corner  to  zero  at  the  upper  right  corner. 

While  it  would  have  been  desirable  to 
have  had  more  points  from  which  to  deter- 
mine the  slope  of  these  five  "contour"  lines, 
the  general  direction  of  the  third  and  fifth 
line  from  the  left  can  be  determined  with 
reasonable  accuracy  from  the  points  shown. 
To  determine  the  slope  of  the  three  remain- 
ing lines,  the  third  and  fifth  were  extended 
to  an  intersection  at  a  point  above  the  chart 
and  the  remaining  three  lines  projected 
back  from  that  point  of  intersection  as 
radii  of  a  circle.  This  method  seemed  to 
conform  with  the  data  as  nearly  as  any 
other  logical  one. 

The  slope  of  the  resulting  lines  permits 
some  interesting  conjectures  to  be  made. 
If  all  had  turned  out  to  be  vertical  this 
would  have  indicated  that  distance  ratio 
has  no  effect  at  all  on  a  motorist  in  his 
choice  of  route  insofar  as  the  factors  of 
time  and  distance  ratio  are  concerned.  Con- 
versely, had  the  lines  assumed  a  horizontal 
position,  it  would  indicate  that  time  ratio 
has  no  effect.  The  lines  as  drawn  suggest 
that  both  ratios  affect  the  choice  of  route 
to  some  extent  but,  since  the  lines  are  more 
nearly  vertical  than  horizontal,  it  follows 
that  the  time  ratio  is  probably  more  signi- 
ficant than  the  distance  ratio  in  this  re- 
spect. Furthermore,  since  the  slope  of  each 
line  becomes  greater  as  the  percentage  use 
of  the  freeway  decreases,  it  suggests  an 
increasing  effect  of  the  distance  ratio  as 
the  time  and  distance  ratios  increase. 

Statistical  Comparison  of  Curves 

As  stated  earlier,  the  principal  purpose 
of  this  study  is  to  show  how  travel  time 
and  travel  distance  affect  the  use  of  a 
freeway.  The  curves  developed  show  the 
effects  of  these  factors,  but  the  correlation 
is  not  perfect  in  any  of  these  cases.  The 
points  in  some  instances  depart  widely  from 
the  average  relation  expressed  by  the  trend 
lines  or  curves  fitted  to  the  data.  It  is 
desirable  to  know  the  relative  significance 
of  the  averages  expressed  by  each  curve 
before  they  can  be  used  intelligently. 

The  standard  error  of  estimate,  or,  more 
briefly,  the  standard  error,  offers  a  mathe- 
matical  means   of  making  this   determina- 


tion. The  standard  error  serves  not  only  as 
a  general  index  of  the  significance  of  these 
curves,  but  also  as  a  measure  of  the  degree 
of  accuracy  of  estimates  based  upon  them. 
In  other  words,  it  measures  the  expected 
variability  of  estimated  values  from  the 
actual  values. 

Therefore,  in  order  to  compare  the  curves 
developed  in  connection  with  time  and  dis- 
tance ratios,  and  appraise  their  reliability 
for  use  in  traffic  assignment  work,  the 
standard  error  was  computed  for  each 
curve.  The  results  of  these  computations, 
which  is  the  percentage  variation  that 
would  not  be  exceeded  more  often  than 
about  one-third  of  the  time,  are  sum- 
marized  in  table  3. 

Of  the  four  curves,  the  one  based  on 
time  differential  has  the  least  standard 
error,  while  the  one  based  on  distance  ratio 
has  the  greatest.  It  will  be  noted  that  the 
curve  based  on  time  ratio  has  a  standard 
error  only  slightly  greater  than  that  of 
the  time  differential  curve.  This  clearly 
indicates  that  the  curves  based  on  time 
differential  and  time  ratio  are  approxi- 
mately of  equal  reliability  and  that  time 
differential  and  time  ratio  show  the  best 
correlation  with  the  percentage  use  of  the 
freeway.  Either  of  these  curves,  if  used 
for  purposes  of  assigning  zone-to-zone  move- 
ments of  traffic  to  the  freeway,  would  pro- 
vide results  within  8  or  9  percent  of  the 
true  values  in  at  least  two-thirds  of  the 
cases.  This  is  satisfactorily  within  the 
accuracy  of  the  basic  data  collected  in 
origin-and-destination  traffic  studies  con- 
ducted on  the  usual  sampling  basis.  More- 
over, the  necessity  of  projecting  traffic- 
estimates  into  the  future,  with  the  at- 
tendant uncertainties,  can  readily  intro- 
duce differences  of  greater  magnitude  than 
those  that  would  result  from  the  assign- 
ment of  traffic  on  the  basis  of  the  time 
differential  or  travel-time  ratio  curves. 

Table    3. — Standard   error   of  estimate 


Description  of  curve 

Figure 
No. 

Standard 
error 

Time  ratio 

4 
5 

6 

7 

Percent 

8.66 

17.54 

11.14 
8.50 

Product    of    time    and 

distance  ratios 

Time  differential 
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Highway  Subdrainage 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  E.  S.  BARBER  and  C.  L.  SAWYER, 

Highway  Engineers 


While  the  importance  of  subdrainage  has  long  been  recognized,  highway- 
drainage  designs  have  generally  been  based  on  empirical  rules.  Although  this 
report  does  not  attempt  to  establish  design  criteria,  it  presents  test  methods  and 
data  on  permeability  and  drainability  of  soil  and  indicates  their  application  to 
highway  subdrainage. 

Results  of  permeability  tests  on  various  materials  with  appropriate  apparatus 
show  the  importance  of  detailed  specifications  of  procedure  and  materials  and 
the  extremely  wide  range  of  possible  values.  For  instance,  the  permeability  of 
a  material  depends  on  the  method  of  its  compaction  as  well  as  its  density, 
gradation,   and   plasticity. 

Substitution  of  test  results  in  appropriate  formulas  illustrates  the  effect 
of  boundary  conditions  and  the  coefficient  of  permeability  on  the  rate  of  drain- 
age. It  is  shown  that  the  small  gradients  available  for  lateral  drainage  of  base 
courses  prevent  rapid  drainage  of  dense-graded  materials  on  impervious  sub- 
grades.  Even  after  drainage  a  dense-graded  material  will  hold  considerable,  water 
by  capillarity  if  protected  from  evaporation.  While  open-graded  materials  will 
drain  more  readily,  provision  must  be  made  to  prevent  intrusion  of  fine  subgrade 
soil,  and  it  is  difficult  to  compact  them  so  that  traffic  will  not  cause  further 
displacement. 

Since  both  density  and  drainability  are  desirable,  the  range  of  satisfactory 
materials  is  limited,  and  it  is  sometimes  necessary  to  choose  which  property 
should  be  given  preference. 


-TRANSPARENT  STAND  PIPE 


AREA 


PRESSURE  BULB 


COEFFICIENT    OF    PERMEABILITY,  k  =    2  ^°d    LOG  £' 
Figure  1. — Apparatus  for  measuring  permeability  by  means  of  a  falling  head. 
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JOHN  McADAM,  in  1824,  wrote  that 
water  with  alternate  freeze  and  thaw 
are  the  evils  to  be  guarded  against  and, 
after  having  secured  the  soil  from  under 
water,  the  roadmaker  should  then  secure 
it  from  rainwater.  The  paramount  im- 
portance of  drainage  with  respect  to  sta- 
bility of  roads  is  still  recognized.  However, 
there  is  wide  difference  of  opinion  as  to 
what  constitutes  good  drainage  and  how  it 
is  to  be  effected. 

This  report  does  not  presume  to  fix  de- 
sign criteria  but  rather  to  present  some 
test  data  on  permeability  and  drainability 
of  soil  and  to  indicate  their  application  to 
highway  subdrainage.  Various  laboratory 
and  field  methods  of  determining  permea- 
bility are  reported  for  soils  representing 
the  classification  groups,  for  several  bitu- 
minous paving  mixtures,  for  sieve  fractions 
s  of  sand,  concrete  sands,  and  clean  aggre- 
gates with  different  minimum  sizes,  and 
for  graded  sand  gravels  and  sands  with 
various  amounts  and  types  of  material 
passing  the  No.  200  sieve.  Water  held  by 
these  latter  mixtures  after  drainage  is  also 
reported.  The  data  are  used  to  illustrate 
methods  of  calculating  vertical  capillary 
flow,  flow  into  horizontal  drains,  and  lateral 
drainage  of  base  courses.  This  is  followed 
by  a  discussion  of  the  interrelation  of 
drainage,  density,  and  gradation  of  soils 
as  they  affect  the  problems  of  bearing  ca- 
pacity,  intrusion,    and   pumping. 

PERMEABILITY  TEST  METHODS 

For  small  velocities  the  rate  of  flow  of 
water  through  soil  is  given  by  the  equation : 

Q  =  kAh/d    (1) 

where 

Q=  volume  of  flow  per  unit  time. 

&=coefficient  of  permeability. 

A=gross  area  of  soil  perpendicular  to 
direction  of  flow. 

A=head  loss  in  a  distance  d  through  the 
soil  in  the  direction  of  flow. 

If  a  constant  head  is  maintained  on  a 
soil  sample  in  a  laboratory  test,  equation 
1  may  be  used  to  solve  for  k,  thus : 

k=Qd/Ah (2) 

For  two  layers  in  series,  such  as  the  sample 
and  its  pervious  support,  with  thicknesses 
di  and  d»  and  permeabilities  fei  and  k«, 
respectively,  the  over-all  value  of  k 
is    (di+d2)  / (di/kt+di/fa)    or,    in    general, 
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Figure     2. — Effect   of   temperature   of   water   on    the   viscosity   ratio. 


2d/2(d//c).     If  k.  is  large  enough,  the  effect 
of  the  support  is  negligible.     For  instance, 


if  /i\.  =  100/ci  (di/di) ,  neglect  of  the  support 
introduces  an  error  of  only  1  percent. 


In  order  to  facilitate  measurement  of  a 
small  volume  Q,  a  falling  head  is  often 
used,  as  illustrated  in  figure  1.  The  equa- 
tion for  calculating  k,  shown  in  figure  1. 
is  obtained  by  integration  of  equation  2,  to 
take  care  of  the  fact  that  the  head  decreases 
continuously   during  the  test,   and  is: 

k=(2.3ad/At)    log   (lu/h,) (3) 

The  test  procedure  is  as  follows:  A 
sample  trimmed  to  size  from  an  undisturbed 
core,  or  the  desired  amount  of  loose  mate- 
rial, is  placed  in  the  apparatus.  The 
piston  is  placed  on  the  soil  and  loaded  or 
clamped  at  a  given  sample  thickness.  The 
sample  is  inundated.  The  pressure  bulb 
is  used  to  force  water  from  the  flask  to  fill 
the  standpipe  from  below  and  thus  prevent 
air  from  being  trapped  below  the  sample. 
The  stopcock  is  closed  when  the  water  is 
approximately  at  the  initial  head.  For  the 
less  pervious  materials,  the  final  adjust- 
ment in  the  initial  head  is  made  with  the 
screw  clamp.  The  time  required  for  the 
water  to  fall  to  the  final  head  is  recorded. 

In  a  typical  example,  a  =0.09  square  cen- 
timeter, 4=81.08  square  centimeters,  d=1.5 
inches,  hi=80  centimeters,  and  h*=4Q  cen- 
timeters. Then  k,  from  equation  3, 
=0.00115/f  inches  per  minute,  or  0.138// 
feet  per  day.  The  dimension  "feet  per 
day"  is  not  the  velocity  of  flow  through  the 
soil  but  a  contraction  of  cubic  feet  of  water 
per  day  per  square  foot  of  soil  for  a  hy- 
draulic gradient  h/d  of  unity. 

The  magnitude  of  the  coefficient  of  perme- 
ability may  be  judged  by  comparing  it  with 
the  rate  at  which  water  will  percolate  ver- 
tically into  a  wet  soil  with  a  deep  water 
table.  For  this  condition,  the  hydraulic- 
gradient  is  unity  and  the  coefficient  of 
permeability  is  equivalent  to  the  rate  of 
rainfall  which  could  be  taken  into  the  soil 
if    the    water    were    uniformly    distributed 
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Figure  3. — Thickness  change  with  time. 
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Figure  4. — Permeameter  for  granular  soils. 

over  the  surface  of  the  soil.  Thus,  a  soil 
with  A:  =  l  foot  per  day  could  transmit  ver- 
tically downward  a  maximum  rainfall  of  12 
inches  in  24  hours.  On  the  other  hand,  a  soil 
with  ^-=0.001  foot  per  day  would  require 
nearly  3  years  to  transmit  12  inches  of 
water. 

Since  the  permeability  depends  upon  the 
viscosity  of  the  water,  which  is  a  function 
of  temperature,  the  calculated  permeabil- 
ity at  an  arbitrary  temperature  (68°  F.= 
20°  C.)  is  often  reported  as  k»«  =  Ck,  where 
C  is  the  viscosity  of  water  at  the  test  tem- 
perature divided  by  its  viscosity  at  68°  F. 
Values   of   C  are   plotted   in   figure   2.     Ac- 
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Figure   6. — Permeability  from   drainage-lag   device. 
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tually,  the  temperature  also  may  affect 
properties  of  the  soil  as  well  as  properties 
of  the  water  so  that  it  is  best  to  make  the 
test  at  the  temperature  of  the  soil  in  place. 

The  Soil  Water 

The  soil  water  should  be  used  as  the 
permeating  liquid  since  the  mineral  and  gas 
content  of  the  water  is  difficult  to  dupli- 
cate. For  instance,  de-aired  water,  from 
which  soluble  gases  have  been  removed,  has 
sometimes  been  used  for  permeability  tests. 
This  has  been  done  to  prevent  air  from 
collecting  in  the  soil  and  causing  reduc- 
tion in  permeability,  although  this  reduc- 
tion may  actually  occur  under  certain  field 
conditions.  Similarly,  water  with  either 
greater  or  less  salt  concentration  than  the 
soil  water  may  markedly  change  the  perme- 
ability of  the  soil,  so  that  use  of  distilled 
water  as  a  standard  is  not  always  desirable. 
The  test  results  reported  hereafter  were 
obtained  with  clean  tap  water. 

The  use  of  the  soil  water  is  often  im- 
practicable. However,  the  permeability  of 
saturated  fine-grained  soils  may  be  deter- 
mined by  laboratory  consolidation  of  un- 
disturbed samples.  If  the  rate  at  which 
the  thickness  of  a  sample  changes  after 
the  application  of  a  load  increment  is  ob- 
served, the  permeability  may  be  computed 
from  an  equation  based  on  the  theory  of 
consolidation : 

fc=132^. feet  per  day (4) 

tmAp 

where 

d=initial   specimen   thickness,   in   inches. 

-W=reduction  in  thickness  for  a  load  in- 
crement Ap,  in  pounds  per  square 
foot. 

t»o=factor  derived  from  time-thickness 
relations,  in  minutes. 

To  calculate  f,„,  the  thickness  is  plotted 
against  time  as  in  figure  3.  The  initial 
portion  of  the  test  relation,  line  1,  is  ap- 
proximately a  straight  line.  Through  the 
intersection  of  line  1  with  the  vertical  axis, 
line  2  is  drawn  with  abscissas  0.15  greater 
than  line  1.  Line  2  intersects  the  test  re- 
lation at  t»o.  Thus,  the  square  root  of 
t*>=7.2  gives  «9o=52.  Substituting  in  equa- 
tion 4,  and  using  the  values  shown  in  figure 
3: 


STANOPIPE 


k  =  132^><-M^  =  0.000013     foot 
52x2,000 
day. 


per 


This  affords  an  excellent  test  method  for 
homogeneous  materials.  Since  this  test  de- 
pends upon  the  rate  at  which  water  is 
squeezed  from  the  soil,  the  results  are  not 
affected  to  much  extent  by  local  conditions, 
such  as  root  holes,  which  may  be  the  con- 
trolling factor  in  flow  directly  through  the 
soil  as  in  the  usual  permeability  test.  For 
two  parallel  conductors  with  cross-sectional 
areas  o,  and  a2  and  permeabilities  fc,  and 
ki,  the  over-all  permeability  is  k=(kia,i  + 
k2a2) / (a^+ck)    or,   in   general,   k=2ka/2a, 


Figure  7. — Permeameter  for  saturation  of  sample   under   vacuum. 


so  that  the  more  pervious  conductor  has 
a  dominant  influence  on  the  over-all  value. 
Comparison  of  this  relation  with  that  for 
conductors  in  series  shows  that,  for  strati- 
fied deposits,  the  permeability  in  the  direc- 
tion of  stratification  is  always  greater  than 
that  perpendicular  to  the  layers. 

Because  of  the  limited  permeability  of 
the  porous  plates  in  the  apparatus  shown  in 
figure  1,  it  is  not  used  for  granular  soils. 
Figure  4  shows  a  device  used  for  sands 
wherein  the  sample  is  retained  by  200-mesh 
screen  wire.  The  same  falling-head  prin- 
ciple is  used  but  because  of  the  higher  per- 
meability the  standpipe  has  a  larger  area. 
For  field  work,  a  sample  may  be  taken  by 
forcing  the  device  with  the  base  removed 
into  the  soil,  inverting,  and  striking  off  the 
excess. 

To  prevent  turbulence  and  minimize  mi- 
gration of  particles  in  testing  coarse  sands 
and  gravels  or  base-course  mixtures  under 
small  gradients,  the  device  shown  in  figure 
5  was  developed.  The  sample  may  be  com- 
pacted to  any  desired  density  by  either  an 
impact  or  static  method.  The  cylinder  con- 
taining the  compacted  sample  is  inundated 
in  water  in  the  tank.  The  water  level  is 
allowed  to  come  to  equilibrium  and  its  level 
is  determined  with  the  hook  gage,  which  is 
then  lowered  an  arbitrarily  selected  amount 
h.  The  valve  at  the  bottom  of  the  tank 
is  opened  and  the  outflow  caught  while  a 
stopwatch  records  the  time  until  the  inner 


water  level  reaches  the  hook,  at  which  time 
the  watch  is  stopped  and  the  valve  closed. 
The  effective  head  is  a  variable  (H-h)  where 
H  is  the  water  level  lowering  outside  of 
the  sample.  The  time,  outflow,  and  lower- 
ing of  water  inside  the  tube  holding  the 
specimen  are  used  in  figure  6  with  the  fixed 
dimensions  of  the  specimen  and  apparatus 
to  determine  the  coefficient  of  permeability. 
The  formula  for  k  in  figure  6  was  derived 
from  equation  1  by  integration,  assuming 
a  constant  rate  of  discharge. 

When  it  is  desired  to  saturate  samples 
under  a  vacuum  before  testing,  the  ap- 
paratus shown  in  figure  7  is  used.  It  may 
also  be  used  in  place  of  the  apparatus 
shown  in  figure  1  for  materials  with  rela- 
tively high  permeability.  Water  enters  at 
C  and  air  is  removed  from  below  the  speci- 
men by  a  tube  attached  at  F  to  the  bottom 
of  the  perforated  plate  which  supports  a 
piece  of  200-mesh  screen  wire.  When  the 
water  reaches  the  specimen,  tube  B  is  closed 
and  water  is  allowed  to  pass  through  and 
to  a  height  approximately  one-half  inch 
above  the  specimen.  C  is  then  closed  and 
water  is  entered  at  A  until  the  standpipe 
is  full.  The  test  is  performed  by  allowing 
water  to  run  out  at  D  or  E. 

Field  Permeability  Tests 

As  shown  in  figure  8,  the  coefficient  of 
permeability    may    be    determined    on    soil 
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in  the  field,  below  water  table. 


in  place  below  the  water  table  by  drilling 
a  hole  in  the  soil  and  measuring  the  water 
which    flows    from    the    soil    into    the    hole 

The  calculated  coefficient  is  an  average 
permeability  for  soil  near  the  hole,  if  the 
soil  is  not  definitely  stratified  or  fissured. 
The  formulas  may  also  be  used  for  water 
flowing  into  the  soil  but  there  is  danger  of 
error  in  this  application  because  of  clog- 
ging of  the  soil  surface  with  suspended 
particles.  If  the  flow  is  into  unsaturated 
soil,  allowance  must  be  made  for  capillary 
forces. 

PERMEABILITY  TEST  RESULTS 

Coefficients  of  permeability  for  soils  of 
variable  grain  size  and  plasticity  are  shown 
in  table  1.  The  soil  classification  is  that 
published  by  the  Bureau  of  Public  Roads 
in  1942.2  All  of  the  tests  were  made  on 
the  soil  fraction  passing  the  No.  10  sieve. 
The  device  shown  in  figure  1  was  used  for 
testing  all  soils  except  the  A-3  sample,  for 
which  the  device  shown  in  figure  4  was 
used.     With  the   exception  of  the  A-3   soil 


the  results  shown  under  the  heading  "com- 
pacted wet"  were  obtained  with  test  samples 
prepared  by  wetting  the  soil  to  the  liquid 
limit  and  compacting  it  in  the  cylinder  of 
the  device  shown  in  figure  1  under  static 
loads  of  1,  2,  and  4  kips  per  square  foot. 
The    A-3    soil,    a    cohesionless    sand,    was 


dampened  and  placed  in  the  cylinder  by 
pressing  thin  layers  firmly  into  place  with 
a  spatula.  The  test  samples  for  the  "com- 
pacted dry"  condition  were  molded  from 
air-dry  soils  under  static  loads  of  1,  2,  and 
4  kips  per  square  foot,  inundated,  allowed 
to  drain,  and  the  permeability  determined. 

The  data  in  table  1  show  that  for  each 
soil  the  permeability  coefficient  (k  value) 
decreased  with  increase  in  density,  and 
that  there  is  a  wide  range  in  the  permea- 
bilities of  soils  of  the  different  groups 
tested.  Also,  soils  having  the  same  density 
may  have  widely  different  k  values.  For 
example,  test  samples  in  the  A-5,  A-6,  and 
A-7  groups  each  having  densities  of  86 
pounds  per  cubic  foot  compacted  wet  had 
permeability  coefficients  of  0.015,  0.000009, 
and  0.0002  foot  per  day,  respectively.  Also, 
while  the  dry  density  of  the  A-3  cohesionless 
sand  and  of  the  A-2  soil  compacted  wet 
under  2  kips  per  square  foot  was  106 
pounds  per  cubic  foot,  the  permeability 
coefficient  for  the  sand  was  approximately 
700,000  times  greater  than  that  of  the 
A-2  soil. 

The  relatively  high  permeability  and  low 
density  of  the  micaceous  A-5  soil  is  prob- 
ably due  to  the  plate-like  mica  particles 
that  cannot  be  compacted  into  a  dense 
structure.  The  differences  in  the  perme- 
abilities of  the  same  soils  compacted  by 
the  two  different  methods  described  are 
significant.  The  results  in  table  1  show 
that  the  samples  molded  from  air-dry  ma- 
terials had  k  values  up  to  50  times  greater 
than  those  molded  from  soils  wetted  to  the 
liquid  limit.  These  higher  values  may  be 
attributed  to  the  differences  in  structure 
caused  by  the  methods  of  molding.  The 
soils  compacted  dry  have  a  less  uniform 
particle  arrangement  which  results  in  the 
higher   permeabilities. 

Permeability  of  Pavements 

Since  pavements  are  placed  over  soils, 
their   relative    permeability   is   of   interest. 


'Italic  numbers  in  parentheses  identify  the  refer- 
ences   in    the    appendix,    page    268. 

^Classification  of  soils  and  control  procedures  used 
in  construction  of  embankments,  by  Harold  Allen. 
Public  Roads,  vol.  22,  No.  12,  Feb.  1942. 


Table   1.— 

Permeability  of  soils 

Compacted  wet 

Compacted  dry 

B.P.R. 

Liquid 

Plas- 
ticity 

Amount 
passing 

Consoli- 
dating 

group 

limit 

index 

No.  200 

load 

Permeability) 

Dry 

Permeability 

Dry 

sieve 

coefficient 

density 

coefficient 

density 

Percent 

Percent 

Percent 

Kips/sq.  ft. 

Ft.  /day 

Lb./cu.ft. 

Ft. /day 

Lb./cu.  ft. 

(                 1 

0.00045 

114 

0.0048 

117 

A-l 

23 

8 

26 

1                  2 

.00036 

115 

.0020 

118 

(                  4 

.00024 

117 

.0017 

118 

(                  1 

.00048 

103 

.0047 

99 

A-2 

28 

11 

40 

i             2 

.00028 

106 

.0016 

102 

/                  4 

.00018 

109 

.0009 

108 

A-3 

NP 

NP 

0 

(') 

200 

106 

226 

101 

(                  1 

.00030 

94 

. 00075 

90 

A-4 

33 

12 

99 

1                 2 

(                 4 

97 
100 

. 00060 
00024 

94 
99 

.00022 

(                 1 

.021 

84 

.37 

78 

A-5 

35 

6 

35 

1                 2 

.015 

86 

.25 

80 

/                 4 

.012 

90 

.17 

84 

(                 1 

.000035 

75 

.00011 

89 

A-6 

72 

45 

86 

1                  2 

=  .000019 

80 

.00011 

90 

/                 4 

'.000009 

86 

.00010 

92 

(                 1 

.00051 

77 

.026 

78 

A-7 

67 

34 

71 

1                 2 

.00023 

81 

.0084 

81 

/                 4 

.00020 

86 

.0012 

83 

(                 1 

.0039 

43 

.041 

47 

A-8 

78 

8 

38 

1                 2 

.0010 

46 

.018 

48 

f                 4 

.00046 

49 

.010 

50 

1  Patted  with  spatula. 

2  Derived  from  thickness  change  with  time.    Other  values  from  falling-head  permeability  test. 
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Table   2. — Permeability  of  bituminous 
concretes 


Table    3. — Permeability   of   sieve   fractions   of   sand 


Percentage 
passing 

No.  200 
sieve 

Percentage 

of   asphalt 

cement 

Percentage 
of  air  voids 

Perme- 
ability 
coefficient 

Percent 
5 

5 

7 
7 

Percent 
6 
6 

5 . 5 
6 

Percent 

11 

9.9 

9.8 

5.6 

Ft.  /day 

0.45      • 

.84 

.39 

.16 

The  permeability  of  homogeneous  portland 
cement  concrete  without  cracks  or  honey- 
combed structure  (3)  is  of  the  order  of 
magnitude  of  the  permeability  of  the  clay 
samples  A-6  and  A-7  in  table  1. 

The  coefficients  of  permeability  for  vari- 
ous samples  of  bituminous  concrete  com- 
pacted in  the  laboratory  under  a  static  load 
of  3,000  pounds  per  square  inch  and  then 
heated  to  140°  F.  for  24  hours  were  de- 
termined as  shown  in  table  2.  The  coef- 
ficient of  permeability  determined  for  one 
sample  of  bituminous  concrete  taken  from 
a  highway  was  found  to  be  0.00002  foot 
per  day.  The  low  permeability  found  in 
the  field  is  probably  due  to  traffic  compac- 
tion, particularly  near  the  surface. 

Permeability  of  Smith 

The  permeabilities  of  sieve  fractions  of 
Potomac  River  sand,  determined  in  an  ap- 
paratus similar  to  that  shown  in  figure  4, 
are  given  in  table  3.  (The  capillary  height 
will  be  discussed  later).  Rased  on  pub- 
lished tests  of  sand  under  various  gradients 
(/),  the  approximate  maximum  hydraulic 
gradient  for  which  equation  1  is  applicable 
is  shown  in  the  last  column  of  table  3. 
Equation  1  is  for  streamlined  or  laminar 
flow.  For  higher  gradients  turbulence  re- 
duces the  flow  considerably,  so  that  this 
gradient  becomes  a  limiting  value  for  test- 
ing unless  turbulent  flow  is  to  be  en- 
countered in  the  field.  Ordinarily,  for  sat- 
urated flow,  a  gradient  of  one,  correspond- 
ing to  vertical  infiltration  into  a  wet  soil 
without  ponding,  is  the  maximum  encount- 
ered in  the  field.  Thus,  appreciable  turbu- 
lence would  be  found  only  with  materials 
whose  permeability  is  greater  than  about 
500   feet   per  day. 

Table  4  shows  the  gradations  and  per- 
meabilities of  three  concrete  sands  whose 
gradings  represent  the  range  of  sizes  usu- 
ally permitted  in  specifications.     Their  per- 

Table   4. — Permeability  of  concrete  sands 


Fine 
sand 

Mediun 
sand 

Coar  ;e 
sard 

Percentage  passing — 
No.  4  sieve 

100 

100 

67 

42 

25 

4 

0 

63 

100 
82 
49 
28 
15 
0 
0 

113 

100 
62 
35 
17 
8 
0 
0 
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No.  10  sieve 
No.  20  sieve 
No.  40  sieve 
No.  60  sieve 
No.  140  sieve      , 
No.  200  sieve 

Coefficient    of    perme- 
ability, ft.  per  day.  .  . 

Sand  fraction 

Saturated 

capillary 

height 

Permeability 

coefficient 
k 

Average 

grain 

size 

D 

Gradient 

causing 

turbulence 

300/fcD 

Passing 
sieve  No. — 

Retained  on 
sieve  No. — 

10 

20 

30 

40 

60 

80 

100 

140 

200 

20 

30 

40 

60 

80 

100 

140 

200 

270 

In. 
2.5 
3.7 

5.2 
7.9 
11.7 
14.0 
18.5 
26.4 
35.6 

Ft.  /day 

1,430 

665 

380 

190 

160 

75 

45 

20 

9 

Mm. 
1.183 
.693 
.491 
.313 
.207 
.162 
.123 
.087 
.062 

0.2 

.6 

•   2 

5 

9 

25 

50 

200 

500 

meabilities  correspond  approximately  to 
those  given  in  table  3  for  the  same  ef- 
fective size — that  size  than  which  10  per- 
cent by  weight  is  smaller.  For  instance, 
with  an  effective  size  equal  to  the  No.  80 
sieve,  the  medium  sand  has  a  permeability 
of  113  compared  to  118  from  table  3  (av- 
erage for  Nos.  60-80  and  Nos.  80-100  sieve 
fractions).  While  the  effective  size  is  use- 
ful for  sands  with  a  small"  size  range,  it 
is  not  applicable  to  materials  with  a  large 
size  range  such  as  the  gravels  whose  per- 
meabilities  are  given  in  table  5. 

Permeability  of  Graded  Aggregates 

The  material  graded  from  the  %-inch 
sieve  to  the  No.  200  sieve,  shown  as  sample 
1  in  table  5,  was  designed  to  represent  the 
middle  of  the  specification  of  the  American 
Association  of  State  Highway  Officials  for 
this  fraction  of  base-course  materials.     The 


other  gradings  were  obtained  by  omitting 
the  fractions  below  various  sieves.  The 
apparatus  shown  in  figure  5  was  used  for 
these  materials.  The  wide  range  of  per- 
meabilities is  to  be  noted,  as  well  as  the 
decrease  in  density  as  the  fines  are  pro- 
gressively omitted.  The  finer  fractions 
have  a  predominant  effect  on  the  permea- 
bility, as  shown  by  the  increase  from  10 
to  110  in  the  k  values  obtained  by  omitting 
the  6  percent  between  the  No.  140  and 
No.  200  sieves  from  the  first  mixture. 

To  determine  the  effect  of  material  pass- 
ing the  No.  200  sieve  on  the  permeability 
of  aggregate  mixtures,  several  types  and 
quantities  of  fines  were  added  to  Potomac 
River  sand  and  gravel  graded  between  the 
%-inch  and  No.  200  sieves.  The  standard 
A.A.S.H.O.  compaction  test  was  made  on 
each  mixture  except  that  the  material  re- 
tained on  the  No.  4  sieve  was  not  removed. 


Table   5. — 

Permeability   of   graded   aggregates 

Sample 
1 

Sample 
2 

Sample 
3 

Sample 

4 

Sample 
5 

Sample 
6 

Percentage  passing — 

100 
.        85 
77.5 
58.5 
42.5 
39 

26.5 

18.5 

13.0 

6.0 

0 

121 

10 

100 
84 
76 
56 
39 
35 
22 
13.3 

7.5 

0 

0 

117 
110 

100 
83 
74 

52.5 
34 
30 
15.5 

6.3 

0 

0 

0 

115 
320 

100 
81.5 
72.5 
49 

29.5 
25 

9.8 

0 

0 

0 

0 

111 

1,000 

100 
79.5 
69.5 
43.5 
22 
17 

0 

0 

0     - 

0 

0 

104 
2,600 

100 
75 
63 
32 

5.8 

0 

0 

0 

0 

0 

0 

101 
3.000 

H-inch  sieve 

No.  8  sieve   . 

No.  20  sieve. 

No.  60  sieve.  . .  . 
No.  140  sieve     . 

No.  200  sieve     .  . 
Dry  density,  lb.  per  cu. 
Coefficient  of  permeabil 

ft 

ity,  ft.  per  day 

Table    6. — Gradation  of  permeability  samples  for  base-course 
tnixtures  passing  %-inch  sieve 


Admixture  and  method  of 
determination 


No  admixture: 

Design 

Washed 

Standard 

5-percent  admixture: 

Design 

Washed,  average     .  . 

Standard,  average  . 
10-percent  admixture: 

Design 

Washed,  average. .  .  . 

Standard,  average. .  . 
15-percent  admixture: 

Design   

Washed,  average.  . 

Standard,  average.  .  . 
25-percent  admixture: 

Design 

Washed,  average. .  .  . 
Standard,  average. . . 


Percentage  passing  sieve- 


s- 
inch 


inch 


73 

75 
75 

74 
75 
75 

75 
75 
75 

77 
77 
77 

79 
79 
78 


No. 
4 


52 
54 
56 

55 
55 
56 

57 
57 
58 

59 
60 
60 

64 
63 

65 


No. 


No. 
10 


34 
36 
43 

37 
38 
41 

40 
42 
45 

44 
44 
48 

50 
50 
53 


No. 
20 


No. 
40 


12 
15 
23 

17 
18 
24 

21 
22 
28 

26 
26 
32 

34 
34 

40 


No. 
60 


No. 
100 


No. 
140 


No. 
200 


0 
3 
6 

5 
6 
9 

10 
11 
14 

15 
16 

18 

25 
25 

27 
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For  the  permeability  test,  the  material 
was  mixed  with  water  to  obtain  a  moisture 
content  20  percent  greater  than  the  opti- 
mum (to  obtain  minimum  permeability), 
tamped  to  a  density  slightly  below  maxi- 
mum, loaded  statically  to  obtain  and  main- 
tain maximum  density,  and  saturated  from 
below  with  tap  water.  The  permeability 
was  determined  on  duplicate  samples  in  a 
device  similar  to  that  shown  in  figure  1, 
except  that  for  permeabilities  greater  than 
0.1  foot  per  day  the  apparatus  shown  in 
figure  7  was  used.  After  the  permeability 
test,  one  sample  was  dried  at  110°  C, 
washed  on  a  No.  200  sieve,  and  the  sieve 
analysis  determined.  The  other  sample 
was  air-dried,  the  sieve  analysis  determined 
by  the  standard  A.A.S.H.O.  method,  and 
the  fraction  passing  the  No.  40  sieve  was 
tested  according  to  standard  A.A.S.H.O. 
procedures  to  determine  the  physical  char- 
acteristics. 

Comparison  of  the  average  gradations 
obtained  by  washing  with  the  design  gra- 
dations, for  each  percentage  of  admixture, 
as  shown  in  table  6,  indicates  some  degra- 
dation due  to  compaction.  Comparison  of 
the  gradations  obtained  by  washing  with 
the  gradations  obtained  by  the  standard 
method  indicates  a  further  degradation  due 
to  pulverizing  the  air-dry  material  and  the 
mechanical  dispersion  used  for  the  hydro- 
meter analvsis. 


100 


Table    7. — Physical   characteristics   and   permeability   of  graded   aggregate   ivith 
admixtures  of  various  amounts  and  types  of  material  passing  the  !\o.  200  sieve 


Type  and  percentage 
of  admixture 


None 

Silica  dust : 

5  percent 

10  percent ... 

15  percent 

25  percent ... 

100  percent.     . 
Limestone  dust: 

5  percent 

10  percent.  . 

15  percent .... 

25  percent.  .  . 

100  percent .  .  . 
Manor  loam: 

5  percent 

10  percent.  .  .  . 

15  percent .  . 

25  percent.  .  .  . 

100  percent    . 
Keyport  silt  loam 

5  percent 

10  percent.  .  .  . 

1 5  percent ... 

25  percent.  .    . 

100  percent 
Tuxedo  clay: 

5  percent 

10  percent.  .  .  . 

15  percent 

25  percent 

100  percent.  .  . 


Liquid 

Plas- 

limit 

ticity 

index 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

25 

4 

29 

7 

38 

8 

16 

2 

18 

6 

19 

6 

21 

8 

33 

14 

19 

5 

23 

8 

26 

11 

35 

17 

55 

28 

Compaction  test 


Maximum 
density 


Lb.  cu.  Jt. 
134.5 

136 
138 
137 
132 
103 

137 
142 
141 
138 
99 

137 
137 
136 
132 
98 

138 
139 
140 
135 
112 

138 
137 
135 
131 
106 


Optimum 
moisture 


Percent 
8.0 

7.0 
6.2 
6.6 
8.2 
18.3 

6.8 
5.6 
5.6 
7.2 
19.6 

7.0 
6 .  o 
6.5 
6.7 
22.4 

6.5 
6  1 
5.5 
6.6 
17.0 

7.0 
6.2 
5.8 
8.0 
20.4 


Molding 
moisture 


I'rrri  ni 

9.6 

8.4 
7.4 
7.9 
9.8 
22.0 

8.2 
6.7 
6.7 
8.6 
23.5 

8.4 
7.2 
7.8 
8.0 
26.9 

7.8 
7.3 
6.6 

7.9 
20.4 

8.4 
7.4 
7.0 
9.6 
24.5 


Permeability  coefficient  (68°  F.) 


Test  1 


Ft.  day 

12 

.61 

.058 
.018 
.016 
.025 

.33 
.02 
.02 
.015 
.  024 

.08 

.02 

.007 

.0026 

.0009 

.043 

.0005 
. 00009 
.00007 

(10(101 

.005 

.00030 

.00007 

.00004 

.00002 


Test  2 


Ft.  /day 
13 

.70 

.061 

.022 

.020 

.026 

.44 

.06 

.03 

.018 

.026 

.11 
.02 
.007 
.  0029 
.0017 

.067 

.0015 

.00010 

IIOilMS 

.00004 

.015 
.00039 
. 00009 
.00006 
. 00002 


Average 


Ft. /day 


.66 

.060 

.020 

.018 

.026 

.38 

.04 

.025 

.016 

.025 

Id 
.02 
.007 
.0038 
.0013 

.055 
.0010 
.00010 
.00008 
. 00004 

.010 

011(134 
oooo;-; 
.00005 
. 00002 


The  physical  characteristics  and  perme- 
abilities of  the  original  material  and  the 
various,  mixtures  are  shown  in  table  7.  It 
is  to  be  noted  that  these  permeabilities  are 
for  samples  packed  very  uniformly  in  the 
laboratory.     Lack  of  uniformity  in  the  field 
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Figure  9. — Effect  of  fines  on  permeability  of  graded  aggregate. 


may  give  areas  of  very  high  permeability 
or  layers  and  dams  of  relatively  low  per- 
meability. 

The  data  in  table  7  show  that  a  5-percent 
admixture  causes  a  marked  decrease  in  per- 
meability, even  for  the  nonplastic  admix- 
tures, as  illustrated  in  figure  9.  For  the 
same  percentage  of  admixture  the  permea- 
bilities vary  widely  with  the  type  of  admix- 
tures. With  increasing  percentages  of  ad- 
mixture, the  permeabilities  approach  the 
values  obtained  for  the  admixture  alone 
(100-percent  admixture).  While  the  plas- 
ticity and  gradation  both  affect  the  per- 
meability, these  values  are  not  sufficient  to 
determine  the  coefficient  of  permeability. 
This  is  to  be  expected  since  the  permeability 
depends  upon  the  arrangement  of  the  par- 
ticles (structure),  which  are  not  considered 
in  the  classification  tests. 

Similar  tests  were  made  on  graded  sand 
with  admixtures  of  various  percentages  of 
fines  using  the  permeameter  shown  in  fig- 
ure 7.  Samples  were  compacted  to  maxi- 
mum density  at  optimum  moisture  by  the 
standard  A.A.S.H.O.  compaction  procedure. 

The  gradation  of  the  mixtures  as  com- 
pounded is  shown  in  table  8,  and  the  com- 
paction and  permeability  test  results  are 
shown  in  table  9.  The  results  are  com- 
parable to  those  for  the  gravel-sand  fines 
for  the  same  ratio  of  fines  to  sand.  Thus 
the  5-percent  admixture  in  table  7  is  roughly 
comparable  to  a  9-percent  admixture  inter- 
polated in  table  9,  since  the  sand  and  fines 
constitute  only  57  percent  of  the  gravel- 
sand-fines  mixture.  The  permeability  of 
0.10  for  5-percent  manor  loam  in  table  7 
is  about  equal  to  the  value  for  9-percent 
interpolated  in  table  9.  The  permeability 
of  the  plastic  gravel-sand-fines  mixtures 
tends  to  be  somewhat  lower  due  to  the  fact 
that   the   moisture   content   at   the   time    of 
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Table   8. — Gradation  of  permeability  samples  for  base-course 
mixtures  passing  the  No.  4  sieve 


Admixture,  percent  of 
total  weight 

Percentage 

massing  sieve — 

No.  10 

No.  20 

No.  40 

No.  60 

No.  100 

No.  140 

No.  200 

71 
73 
74 
75 
78 

46 
48 
51 
54 
59 

30 
33 
36 

40 

47 

18 
22 
26 
30 
39 

10 
14 
19 
23 
32 

4 

8 

13 

18 

28 

0 

5 
10 
15 
25 

Table   9. — Permeability  of  graded  sand  passing  No.  4  sieve  with  admixtures  of  various 
amounts  and  types  of  material  passing  the  No.  200  sieve 


Type  and  percentage  of  admixture 


None 

Silica  dust : 

5  percent 

10  percent 

15  percent.    . . 

25  percent 
Limestone  dust : 

5  percent 

10  percent 

15  percent 

25  percent 
Manor  loam: 

5  percent 

10  percent 

15  percent. 

25  percent 

Keyport  silt  loam 

5  percent 

10  percent 

15  percent. 

25  percent 

Tuxedo  clay : 

5  percent 

10  percent 

15  percent 

25  percent 


Molding 


Density        Moisture 


Lb./cu.ft. 
119.5 

123.0 
127.0 
126 . 5 
127.5 

123.0 
129 . 0 
130.5 
136.0 

123.5 
127.5 
128.0 
132.0 

125.5 
131.5 
133.0 
132.0 

126.0 
131.5 
131.8 
134.0 


Percent 
11.5 

10.0 
9.0 
8.5 

8.0 

7.0 
7.0 
8.5 
8.0 

11.0 

10.0 

9.0 

8.0 

10.5 
8.5 
8.0 
9.0 

10.0 
8.5 
8.4 


Permeability  coefficient  (68°  F.' 


Test  1 

Ft.  /day 
4 

.50 
.10 
.047 
.017 

.44 
.07 
.025 
.0048 

.51 

.080 
.044 
.0076 

.13 
.017 
.024 
.00022 

.21 

.032 

.019 

.00015 


Test  2 


Ft. /day 


.84 
.11 
.050 
.021 

.59 
.14 
.038 
.0051 

.58 
.080 
.037 
.0030 

.12 
.016 
.029 
.00024 

.23 

.056 


Average 


Ft.  /day 
4.5 

.67 
.10 
.048 
.019 

.51 
.10 
.031 
.005 

.54 
.080 
.040 
.0053 

.12 
.016 
.026 
.00023 

.22 

.044 


surface  tension  is  a  function  of  tempera- 
ture, these  curves  vary  somewhat  with 
temperature — the  surface  tension  decreases 
about  2  percent  for  an  increase  in  tempera- 
ture of  18°  F.   (10°  C). 

At  a  given  height,  different  materials 
may  be  at  equilibrium  with  quite  different 
amounts  of  water :  For  instance,  at  a  height 
of  2  feet,  49  percent  of  water  is  held  by 
the  clay  with  the  same  force  that  8  percent 
of  water  is  held  by  the  sand.  Due  to  hy- 
steresis, depending  on  whether  the  material 
is  wetting  or  drying,  a  given  material  may 
hold  different  amounts  of  water  at  the  same 
height  H.  Thus,  from  figure  11,  the  sand 
at  a  height  H=l  foot  may  be  at  equilibrium 
with  moisture  contents  from  12  to  20  per- 
cent at  different  times  depending  upon  the 
previous  moisture  variations. 

Specific  Yield 

The  specific  yield  or  volume  of  water 
per  unit  volume  of  soil  removed  by  drain- 
age is: 


m0 — m      w 
100     A62.4 


(5) 


where 

m0=moisture  content  before  drainage,  in 
percent. 


compaction  was  20  percent  above  optimum 
rather  than  optimum  as  for  the  sand-fines. 

CAPILLARY  STORAGE 

In  soils  which  have  not  been  waterproofed 
to  reduce  their  affinity  for  water,  the  sur- 
face tension  of  the  water  produces  an  ap- 
preciable force  which  can  hold  water  in 
the  soil  above  the  water  table. 

The  height  above  the  water  table  to 
which  a  soil  can  stay  saturated  may  be 
determined  by  means  of  the  apparatus 
shown  in  figure  10.  Starting  with  the 
water  in  both  tubes  at  the  level  of  the  top 
of  the  soil,  the  stopcock  is  opened,  allow- 
ing water  to  drain  slowly  from  the  right- 
hand  tube  until  the  water  in  this  tube  rises 
temporarily  when  air  is  first  drawn  through 
the  soil  specimen.  The  difference  between 
this  level  and  the  bottom  of  the  soil  speci- 
men is  the  saturated  capillary  height  shown 
in  table  3  for  several  sand  fractions.  For 
fine-grained  soils  this  test  is  quite  sensi- 
tive to  changes  in  density  and  uniformity 
of  structure  since  it  is  a  measure  of  the 
largest  pore. 

By  using  a  sealed-in  disk,  such  as  un- 
glazed  porcelain  with  a  high  saturated  ca- 
pillary height,  in  place  of  the  sieve  shown 
in  figure  10,  the  amount  of  water  held  by 
a  soil  at  equilibrium  at  various  heights  can 
be  determined.  To  increase  the  effective 
height  of  water  column,  mercury  can  re- 
place part  of  the  water  or  a  vacuum  below 
or  air  pressure  above  may  be  applied  to 
the  specimen.  Typical  moisture-height 
curves  are  shown  in  figure  11.     Since  the 
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m.=average  moisture  content  after  drain- 
age,  in  percent; 

w0=dry  density,  in  pounds  of  dry  soil 
per  cubic  foot  of  wet  soil. 

To  include  water  removed  from  a  capil- 
lary fringe  of  height  Hi  above  the  water 
table  when  the  water  table  is  iowered  a 
depth  d,  m  may  be  taken  as  the  average 
moisture  held  against  heights  between  Hi 
and  Hi  +  d. 

This  is  illustrated  in  figure  12.  The 
initial  condition  shows  that  the  soil  to  be 
drained  had  a  moisture  content  of  m0  and 
depth  d  with  a  capillary  fringe  above  the 
water  table  of  depth  Hi.  The  final  condi- 
tion shows  the  water  table  lowered  a  depth 
d  with  a  capillary  fringe  of  depth  Hi+d. 
The  capillary  fringe  of  depth  Hi  is  common 
to  both  conditions  so  that  the  moisture 
drained  is  from  m0  for  the  initial  condition 
to  the  average  moisture  m  in  the  capillary 
fringe  over  the  distance  d  from  Hi  to  Hi 
-\-d  above  the  water  table. 

For  example,  consider  the  sand-clay  curve 
in  figure  11,  assuming  Hx  =  l  and  d=Z. 
Here  ra0=41  and  the  average  moisture  con- 
tent from  #i  =  l  to  //i  +  d=4  is  m=29. 
Assuming  wo=90,  then  y=Q.ll,  from  equa- 
tion 5. 

To  determine  the  specific  yield  of  graded 
sand  with  various  additives  passing  the  No. 
200  sieve,  the  materials  represented  in  table 
7  were  tamped  in  lucite  tubes  of  1%-inch 
inside  diameter  to  a  depth  of  47  inches  at 
optimum  moisture  and  maximum  A.A.S.H.O. 
density.  The  samples  were  supported  by 
a  piece  of  200-mesh  screen  wire  held  by  a 
perforated  rubber  stopper.  In  some  cases, 
some  water  came  out  of  both  the  top  and 
bottom  of  the  tubes  after  compaction,  ap- 
parently due  to  excess  pressure  built  up 
in  the  air  trapped  in  the  wet  soil.  After 
several  days  a  head  of  water  was  applied 
at  the  bottom  of  the  tubes,  creating  an  up- 
ward gradient  until  water  flowed  out  the 
top.  The  purpose  was  to  saturate  the 
samples  but,  as  shown  in  the  first  four  lines 
of  table  10,  the  air  was  not  readily  dis- 
placed and  saturation  could  not  be  ac- 
complished. Thus,  for  the  material  with 
5-percent  limestone  added,  the  compaction 
moisture  was  7.0  percent.  This  increased 
to  10.1  percent  before  drainage,  but  13.4 
percent  was  required  for  saturation. 


"6 


4 


12 


I 

x 

ul 

_) 
m 
< 

<r 

UJ 

i— 
< 

UJ 

> 

o 

QD 
< 

I- 
X 

UJ 

X 


.10 


1 

1 

5 

1 

3 

I 

<r  1 

\ 

m 

\ 

_i 

\ 

o 

\ 

o 

\ 

UJ 

\ 

i- 

\ 

< 

\ 

a. 

V 

u. 

\ 

O 

\ 

> 

\ 

1- 

\ 

Q 

\ 

Z> 

\ 

I 

SAND-CLAY     \ 

\ 

CLAY 

UJ 

> 

1- 

< 

-1 

UJ 

V 

or 

V      £ 

AND 

\ 

^^=fc- 

99.96 


-  99  97 


99.98 


-9999 


10  20  30  40  50 

MOISTURE  CONTENT,  m-PERCENT  OF  DRY  WEIGHT 

Figure    11. — Moisture-height    relations   for    various   soils. 
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In  one  case  a  vacuum  was  applied  at  the 
top,  but  this  resulted  in  the  entrapment  of 
more  air  rather  than  less.  While  greater 
saturation  could  have  been  obtained  by 
evacuating  dry  material  and  then  admit- 
ting water  at  one  end  under  a  vacuum,  this 
would  not  simulate  field  conditions  where 
materials  are  deposited  with  water  at  at- 
mospheric pressure.  While  marine  de- 
posits may  be  saturated,  compacted  base 
courses  with  appreciable  fines  do  not  usu- 
ally become  saturated.     For  example,  a  base 


course  (with  a  plasticity  index  of  3  and 
with  6  percent  passing  the  No.  200  sieve) 
with  free  water  above  it  and  resting  on  a 
saturated  silty  clay  subgrade  was  found 
to  have  about  5-percent  air  voids. 

After  flow  through  the  samples  had  been 
established,  they  were  allowed  to  drain  10 
days.  The  tubes  were  then  emptied  i;, 
2-inch  increments,  starting  from  the  top, 
and  the  moisture  content  of  each  incre- 
ment determined.  The  results  are  shown 
in    table    10.     The    moisture    contents    for 
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>•  WATER     TABLE 


MOISTURE    CONTENT 


SOIL   TO   BE    DRAINED 
m„ 


INITIAL 


FINAL 


Figure  12. — Specific  yield  including  water  from  capillary  fringe. 
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Table  10. — Moisture  retained  after 

drainage  of 

submerged  columns 

of  soil 

Material  passing  No.  200  sieve  added  to  sand  graded  from  No.  10  to  No.  200  sieves  > 

Sil 

ca 

Limestone 

Manor  loam 

Keyport 
silt  loam 

Tuxedo  clay 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

Dry  density,  lb./cu.  ft.  .  . 
Initial  moisture,  percent.  . 
Calculated  moisture  con- 
tent,   saturation,    per- 

123 
10.0 

13.4 
9.2 

3.9 
3.9 
4.1 
4.2 
4.4 
4.4 
4.6 
4.8 
5.3 
5.4 
5.9 
6.1 
6.5 
7.1 
7.8 
8.2 
8.3 
8.1 
8.1 
7.9 
8.2 
8.5 
9.1 
11.0 

6.4 
.055 
.138 

127 
9.0 

11.9 
9.0 

6.1 
6.2 
6.0 
6.4 

6.4 
6.6 
6.7 
6.8 
6.7 
6.9 
7.1 
7.3 
7.6 
8.0 
7.9 
8.2 
7.7 
7.9 
7.8 
8.0 
8.2 
8.8 
9.2 
11.2 

7.4 
.033 
.092 

123 

7.0 

13.4 
10.1 

5.1 
5.2 
5.2 
5.4 
5.6 
5.4 
5.4 
5.6 
5.5 
5.7 
5.7 
5.8 
6.0 
6.0 
6.1 
6.2 
6.3 
6.5 
7.2 
7.2 
7.8 
8.5 
9.5 
11.3 

6.5 
.071 
.136 

129 
7.0 

11.1 
9.2 

5.6 
6.0 
5.8 
5.9 
6.7 
6.0 
6.7 
6.0 
6.0 
6.0 
6.0 
6.0 
6.1 
6.6 
6.1 
7.6 
7.1 
7.1 
7.1 
6.7 
7.0 
7.3 
8.2 
11.0 

7.1 
.043 
.083 

123.5 
11.0 

13.2 
10.6 

5.6 

5.6 

5.7 

6.0 

6.1 

6.3 

6.5 

6.6 

7.0 

7.1 

7.4 

7.6 

7.7 

7.8 

8.2 

8.6 

9.1 

9.0 

8.8 

8.9 

9.2 

9.5 
10.1 
11.6 

7.7 
.057 
.109 

127.5 
10.0 

11.6 
9.9 

7.7 

7.8 

7.9 

8.2 

8.0 

8.6 

9.2 

9.5 

9.9 

9.8 

9.9 
10.1 

9.7 

9.7 
10.0 

9.7 

9.3 

8.6 

8.6 

8.6 

8.5 

9.1 

9.7 
11.1 

9.1 
.016 
.051 

125.5 
10.5 

12.5 

9.8 

6.2 
6.2 
6.6 
6.7 
6.9 
7.0 
7.0 
7.0 
7.1 
7.2 
7.0 
7.4 
7.7 
8,1 
8.1 
8.1 
8.5 
9.0 
8.8 
8.9 
9.2 
8.6 
8.8 
9.9 

7.7 
.042 
.096 

131.5 
8.5 

10.2 
8.1 

6.4 
6.4 
6.4 
6.8 
6.7 
6.9 
7.0 
7.1 
7.7 
8.2 
9.0 
9.0 
9.0 
8.9 
8.8 
8.7 
8.4 
8.4 
8.1 
8.0 
7.4 
7.4 
8.4 
11.1 

7.8 
.006 
.051 

1-JU.o 
10.0 

12.3 
9.6 

9.5 
9.0 
8.6 
8.7 
8.7 
8.5 
8.8 
9.0 
9.1 
9.3 
8.4 
8.6 
8.2 
8.8 
8.8 
8.6 
8.5 
8.8 
8.9 
9.0 
9.0 
9.2 
9.5 
10.3 

8.9 
.014 
.069 

131.5 
8.5 

10.2 
9.4 

8.7 

8.0 

9.0 

8.7 

8.6 

8.1 

8.0 

8.3 

8.8 

8.2 

9.4 

9.5 

9.8 

9.3 
10.0 

9.8 

9.9 
10.0 
10.6 

9.8 
10.0 

8.9 

9.1 
11.3 

9.4 
.000 
.017 

Moisture  before  drainage, 
percent 

Moisture      at     following 
heights  ■  after  drainage, 
percent: 

44  inches 

42  inches 

38  inches .  . 

32  inches 

28  inches 

26  inches 

22  inches 

18  inches 

14  inches 

12  inches 

10  inches 

8  inches 

2  inches 

Average    moisture    after 
drainage   for   10    days, 

Specific  yield : 

Observed 

From  saturation  to 
drained  moisture 

1  Physical  characteristics  of  admixtures  are  shown  in  table  7. 

2  Center  of  2-inch  increments  except  bottom  inch. 


various  heights  above  the  bottom  of  the 
tube  for  the  specimens  containing  5-percent 
limestone  dust  and  5-percent  Keyport  silt 
loam  are  shown  graphically  in  figure  13. 
Using  equation  5,  the  specific  yield  was  cal- 
culated for  lowering  the  water  table  from 
the  surface  to  various  depths,  and  the 
values  are  shown  graphically  in  figure  14, 
assuming  initial  saturation.  For  material 
not  initially  saturated  these  values  should 
be  reduced  by  the  amount  of  air  voids. 
For  the  full  47-inch  depth,  table  10  shows 
the  effect  of  amount  and  type  of  material 
passing  the  No.  200  sieve  on  the  specific 
yield  of  a  well-graded  sand. 

CAPILLARY  FLOW 

The  curves  in  figures  11  and  13  are  for 
a  condition  of  static  equilibrium — that  is, 
no  flow  of  water.  If  water  is  drawn  up  to 
a  given  level  in  the  case  shown  in  figure  13 
and  removed  at  a  constant  rate,  as  by 
evaporation  or  freezing,  the  moisture  con- 
tent in  the  soil  would  decrease  until  a 
moisture  gradient  was  established  for  which 
this  amount  of  water  could  be  drawn  from 
below  the  water  table.  For  this  condition 
of  dynamic  equilibrium  or  steady  state  of 
flow: 


Q  =  ku(dH-D 
q=A  dz 


(6) 


where 

g=rate  of  removal  of  water,  in  depth 
(volume  per  unit  area)  per  unit  time. 

ku  = coefficient  of  unsaturated  permea- 
bility, a  function  of  H. 

77=height  above  water  table  for  static 
equilibrium  corresponding  to  the 
moisture  content. 

r=vertical   dimension,   positive  upward. 

The  relation  between  ku  and  H  has  been 
determined  in  various  ways,  such  as  with 
permeameters  like  that  shown  in  figure  7, 
using  negative  heads  or  by  measurement 
of  tension  gradients  in  columns  of  soil  sub- 
jected to  evaporation.  Constant  tempera- 
ture is  essential  because  a  small  change  in 
the  moisture  content  of  the  soil  may  ac- 
count for  a  large  percentage  of  a  small 
flow.  One  method  of  determining  the  ten- 
sion in  the  soil  moisture  is  to  measure  the 
electrical  resistance  of  a  cell  buried  in  the 
soil.  The  cell  consists  of  two  electrodes 
separated  by  an  inert  porous  medium,  and 
is  first  calibrated  under  known  moisture 
tensions. 

The  form  of  the  empirical  relation  be- 
tween ku  and  H  can  be  approximated  over 
a  limited  range  by  the  equation:  log  ku= 
log  a — H/b,  where  a  and  b  are  empirical 
constants. . 

For  the  range  H=l  to  77=10  feet,  typi- 
cal values  of  a,  in  feet  per  day,  and  b,  in 


feet,   as    determined  by  R.   E.   Moore    (5), 
are: 

a  b 

Sand    0.28  0.66 

Silt     045  3.9 

Light  clay    005  7.5 

Substituting   the   general   expression  for 
ku  in  equation  6,  and  integrating,  gives: 


1— antilog 


z—zA-  H—H 


q=a- 


( antilog  __ _2— 1)   antilog—? 
b  b 


(7) 


For  a  layer  in  contact  with  the  water  table 
(zo=Ho=0) ,  the  maximum  capillary  flow 
upward   (infinite  H)   to  a  height  z  is: 


q=. 


antilog  -_i 
b 


(8) 


or  the  maximum  height  for  a  given  rate  of 
flow  is: 


z  =  b  log(?L+l) 


(9) 


With  the  values  of  a  and  b  noted  above, 
this  equation  gives  the  values  plotted  in 
figure  15  which  shows  that,  while  the  clay 
can  lift  1  inch  of  water  per  year  to  the 
greatest  height,  the  silt  gives  the  maxi- 
mum height  for  larger  rates  comparable 
to  those  required  for  appreciable  frost 
heave.  Rates  of  flow  due  to  capillarity 
may  be  much  greater  than  those  due  to 
gravity  alone.  For  instance,  while  the  clay 
(fig.  15)  can  lift  100  inches  of  water  per 
year  0.6  foot,  the  maximum  rate  of  gravity 
flow  (unit  hydraulic  gradient)  is  only  0.005 
foot  per  day  (ku  for  H=0  which  equals  a) 
or  22  inches  per  year.  Similar  effects  have 
been  noted  with  portland  cement  concrete 
for  which  the  water  transmitted  by  capil- 
larity is  much  greater  than  that  forced 
through  a  sound  sample  by  ordinary  pres- 
sures. 

Effect  of  Layers 

The  effect  of  a  layer  of  sand  on  the  ca- 
pillary rise  of  water  is  shown  in  figure  16. 
(Figs.  16  and  17  show  soil  cross  sections 
and  corresponding  moisture  content  curves) . 
With  an  impervious  surface,  so  that  there 
is  no  flow  through  the  surface,  as  shown 
on  the  left  side  of  figure  16,  each  material 
attains  the  moisture  it  would  hold  at  a 
given  height  if  it  were  continuous  to  the 
water  table — that  is,  the  sand  does  not  af- 
fect the  moisture  in  the  silt  at  static  equi- 
librium. If  water  evaporates  continuously 
from  the  surface,  as  at  the  right  in  figure 
16,  the  soil  will  dry  out  enough  to  estab- 
lish a  tension  gradient  sufficient  to  main- 
tain the  flow  required  for  continuous  op- 
eration. The  sand  causes  more  drying  of 
the  top  layer  than  would  occur  without  it 
because  the  unsaturated  permeability  of 
the   sand   at   appreciable  height  above  the 
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Figure  13. — Capillary  retention  in  drained  columns  of  soil. 


0  .05  .10  15 

SPECIFIC    YIELD    (VOL  OF  WATER  PER   UNIT    VOL.  OF  SOIL) 

Figure    14. — Specific    yield    for    various    thicknesses,    assuming 
initial  saturation. 


water  table  is  less  than  that  of  silt  at  this 
height.  If  evaporation  stops,  the  moisture 
increases  toward  the  values  for  static  equi- 
librium. Upward  flow  may  be  satisfac- 
torily limited  by  a  granular  layer  where 
there  is  appreciable  evaporation.  A  buried 
impervious  layer,  such  as  bitumen,  above 
the  water  table  has  also  been  used. 

As  shown  in  figure  17,  if  water  is  sup- 
plied at  the  surface,  the  moisture  content 
is  temporarily  higher  in  a  silt  layer  than 
for  conditions  of  static  equilibrium.  The 
presence  of  a  sand  layer  at  appreciable 
height  above  the  water  table  retards  the 
downward  flow  due  to  its  relatively  low 
unsaturated  permeability  at  this  height 
(6).  For  example,  a  mass  of  soil  in  a 
lysimeter,  a  box  with  a  perforated  bottom 
separated  from  the  drained  undersoil  to 
permit  weighing  and  measurement  of  per- 
colation, is  found  to  be  wetter  than  the 
surrounding  soil  unless  a  vacuum  is  ap- 
plied to  its  base  to  replace  the  moisture 
tension  which  the  undersoil  ordinarily  sup- 
plies. Thus,  for  a  considerable  time  after 
rain  ceases  the  upper  layer  of  silt  will  be 
wetter  than  it  would  have  been  without 
the  sand  layer.     If  the  water  table  is  kept 
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Figure   16    (left). — Capillary 
rise  of  water. 
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Figure  17  (right). — Downward 
capillary  flow. 
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Figure  18. — Flow  into  buried  horizontal  drain  from  flooded  surface 


low  in  a  subgrade,  a  base  on  the  subgrade 
may  drain  better  than  one  placed  on  a 
highly  porous  subbase. 

Other  Influences 

Temperature  difference  in  the  soil  causes 
flow  of  water  since,  for  equal  initial  mois- 
ture content,  water  tends  to  move  from  a 
warmer  to  a  cooler  area.  Another  force 
which  causes  water  to  flow  is  the  osmotic 
pressure  such  as  is  caused  by  differences 
in  concentration  of  salts  at  different  lo- 
cations in  the  soil  profile.  Flow  of  soil 
water  may  also  be  caused  by  an  electrical 
potential.  Thus,  if  two  electrodes  are 
placed  in  a  soil  and  a  direct  current  passed 
between  them,  water  will  flow  from  the 
vicinity  of  the  positive  electrode  to  the 
negative  electrode,  which  could  be  con- 
structed as  a  drain.  The  high  cost  of  the 
reported  field  applications  which  have  been 
made  may  possibly  be  overcome  by  a  com- 
prehensive study  of  this  method. 

Water  may  also  move  through  a  soil  as 
a  vapor.  If  the  air  moves  as  a  body,  con- 
siderable water  may  be  transferred  by 
convection.  If  the  air  is  still,  the  vapor 
may  move  by  diffusion  but  this  is  very  slow. 
Since  the  soil  air  is  generally  so  nearly 
saturated,  a  small  decrease  in  temperature 
will  cause  condensation.  In  some  arid  re- 
gions water  has  accumulated  under  pave- 
ments, apparently  from  condensation  as- 
sociated with  the  rapid  cooling  of  the  sur- 
face due  to  radiation  under  clear  skies. 

HORIZONTAL    PIPE    DRAINS 

Figure  18  shows  the  flow  of  water  into 
buried  horizontal  drains  from  a  flooded 
surface,  as  derived  by  Kirkham    (7).     The 
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Figure   19. — Drainage   by   two   parallel   horizontal   pipes. 


water  on  the  surface  could  be  a  film  due 
to  rain  or  water  in  a  permeable  base  on  a 
much  less  permeable  subgrade.  The  type 
of  drain  is  not  considered;  it  is  assumed 
that  there  is  negligible  resistance  to  water 
entering  the   drain. 

For  example,  for  6-inch  drains,  in  lines 
spaced  a=10  feet  apart,  resting  on  an  im- 
pervious boundary  at  a  depth  H=5  feet: 
2r/.D=0.5/4.75=0.105,  and  figure  18  gives 
q/kk=1.05.  For  a  drain  near  the  imper- 
vious boundary,  this  is  reduced  by  D/a 
times  25  percent  of  its  value.  Thus,  the 
adjusted  q/kh=1.05—  (4.75/10)  X 0.25x1.05 
=0.93.  For  fe=4.5,  g=0.93x4.5A;  =  4.2/c.  For 
fc=0.1  foot  per  day,  q=0A2  cubic  foot  per 


day  for  each  foot  of  length.  This  is  equiva- 
lent to  (0.42/10x1)  X  12=0.50  inch  per  day 
average  infiltration  through  the  surface. 

Figure  18  may  also  be  used  for  com- 
puting drainage  of  a  pervious  substratum 
under  artesian  pressure  by  inverting  the 
defining  sketch  shown  in  the  figure.  Fig- 
ure 18  is  for  a  steady  state  where  the  flow 
is   continuous   with   time. 

For  the  unsteady  state  where  the  water 
table  is  lowering,  figure  19  shows  the  drain- 
age of  a  pavement  foundation  by  two 
small  parallel  horizontal  pipes  in  the  upper 
part  of  a  deep  soil,  as  determined  by  Mc- 
Clelland (8).  Experimentally  determined 
relations  between  several  dimensionless  ra- 


tios are  shown  in  figure  19.  These  ratios 
may  be  used  to  solve  various  problems, 
depending  upon  which  values  are  known 
or  assumed.  As  an  example,  take  W—30 
feet,  Z>=3  feet,  y=0.1,  and  A;=0.25  foot  per 
day.  Suppose  the  time  and  rate  of  flow 
are  desired  when  d/D  reaches  0.79.  Then 
d  in  figure  19  is  0.79x3=2.4  feet;  tJcD/yW 
=0.1,  so  that  i=  (0.1x0.1x30X30)/(0.25 
X3)=12  days;  and  q/kD=0.25,  giving  q  = 
0.25x0.25x3=0.19  cubic  foot  per  day  per 
foot.  This  discharge  rate  is  also  the  maxi- 
mum rate  of  infiltration  for  which  the 
drains  could  maintain  the  drained  depth  d 
at  2.4  feet.  For  A;=0.0025  and  the  same 
drained  depth,  q  becomes  0.0019  and  t  be- 
comes 1,200  days,  or,  for  the  same  time, 
t  =12  days,  d/D  is  0.06,  and  d  is  only  0.18 
foot. 

BASE  COURSE  DRAINAGE 

If  a  base  course  were  placed  over  a 
relatively  impervious  subgrade,  lateral 
drainage  would  be  required  to  drain  water 
entering  through  the  surface.  The  per- 
meabilities of  some  bituminous  surface 
mixtures  as  compacted  in  the  laboratory, 
previously  presented,  are  higher  than  those 
of  base  course  mixtures  with  an  appreci- 
able amount  of  fines.  The  effect  of  traffic 
and  cracks  on  infiltration  needs  to  be  de- 
termined. If  frost  penetrates  into  the  sub- 
grade  below  a  base  course,  the  base  is  apt 
to  become  saturated  when  thaw  occurs  from 
the  surface.  The  frozen  subgrade,  even 
N  though  permeable  when  thawed,  may  pre- 
vent drainage  downward  so  that  the  water 
in  the  base  may  have  to  drain  laterally  to 
escape. 

For  a  base  course  on  an  impervious  sub- 
grade  which  is  flooded  and  then  allowed  to 
drain  along  one  edge,  the  rate  of  drainage 
may  be  approximated   (9)   by  the  formula: 
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Figure  20. — Rate  of  drainage  of  flooded   base  course. 
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T-^US— 0.48S2  log   (1+4.8U/S)  ...  (10a) 
for  0^t/^0.5,  and 

T=0.5S-0.48S2  log  (l  +  2.4/S)+1.15S 
log  (S-C/S+1.2)/(l-C7)   (S+2.4)...(10b) 

for  0.5SC/S1 
where 

T=kHt/yD* =time  factor. 

/c=coefficient  of  permeability,  in  feet  per 
day. 

H= depth  of  base,  in  feet. 

£=time,  in  days. 

2/=specific  yield. 

Z)=width  of  base,  in  feet. 

S=H/Ds=sloi>e  factor. 

s=cross  slope    (as  1   percent=0.01). 

£/=degree  of   drainage    (as   1    percent= 
0.01). 

For  horizontal  base  (S=infinity)  the 
equations  are: 

T=2AU2  for  0=§i 
T=0.6U/(1— U) 

Curves  derived  by  substituting  values  in 
formulas  10  are  plotted  in  figure  20.  For 
£7=50  percent,  this  relation  may  be  closely 
approximated  by: 

r=0.44/(0.74  +  l/S)    or  ) 

t=(y/k)xO.UDV(0.74H+Ds)   ( 

For  example,  consider  a  base  course  0.5 
foot  thick  and  20  feet  wide  with  1-percent 
cross  slope,  composed  of  graded  sand  with 
5-percent  limestone  dust  passing  the  No. 
200  sieve  (such  as  shown  in  tables  9  and 
10)  and  placed  on  an  impervious  subgrade. 
For  this  material  fc=0.51  foot  per  day  and, 
from  figure  14,  i/=0.05  between  a  height  of 
0  and  H+Ds  (the  lowering  of  the  water 
table)  =0.5+20x0.01=0.7  foot  or  8.4  inches. 


U=0-5  I...  (11) 

for  0.5gf/gl     ( 


(12) 


Assuming,  for  example,  4-percent  air  voids 
before  drainage,  the  time  required  for  50- 
percent  drainage,  from  equation  12,  is  t= 
(0.05/0.51)  X  (0.44x202)/(0.74X0.5  +  20X 
0.01)  =30    days. 

The  results  of  similar  calculations,  using 
figure  20,  for  other  types  of  fines  and  for 
various  slopes,  thicknesses,  and  widths  are 
shown  in  table  11,  assuming  initial  satura- 
tion and  final  moisture  as  shown  in  table 
10.  The  relatively  short  times  required 
for  drainage  of  the  mixtures  of  sand  with 
Tuxedo  clay  are  due  to  the  small  yield 
which  means  that,  even  after  50  percent 
of  the  drainable  water  is  gone,  they  are 
still  almost  saturated.  Comparing  these 
values  with  the  empirical  requirement  of 
50-percent  drainage  in  10  days  suggested 
by  the  Corps  of  Engineers  (10)  indicates 
that,  according  to  this  proposed  criterion, 
graded  base  courses  with  as  little  as  5  per- 
cent passing  the  No.  200  sieve  will  not 
drain  satisfactorily  except  for  narrow 
widths.  Less  densely  graded  or  stratified 
material  may  give  higher  permeabilities, 
and  therefore  quicker  drainage,  even  though 
appreciable  material  passes  the  No.  200 
sieve.  If  the  materials  do  not  become  satu- 
rated, it  may  be  that  rapid  drainage  is  not 
necessary.  In  any  event,  materials  with 
'low  plasticity  and  more  than  5  percent 
passing  the  No.  200  sieve  have  often  been 
satisfactory  as  highway  base  courses  de- 
spite slow  drainage,  even  when  subjected 
to  frost. 

Neglecting  entrance  losses,  the  quantity 
of  water  transmitted  by  steady  flow  through 
a  sloping  base  course  on  an  impervious 
subgrade  (9)  is: 


kH(sD+H/2) 
D 


(13) 


Table    11. — Time  required  for  lateral  drainage  of  50  percent  of  drainable 
water  for  saturated  base  course  on  impervious  subgrade 


Slope,  thickness,  and  width  of 
base  course 

Time  required  for  drainage  with  followi 
graded  from  No.  10  to  N 

ig  material  added  to  sand 
>.  200  sieves 

Silica 
dust 

Limestone 
dust 

Manor  loam 

Keyport 
silt  loam 

Tuxedo 
clay 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
per- 
cent 

5 
per- 
cent 

10 
'fPer- 
cent 

1-percent  slope,  6-inch  thickness,  and 
width  of — 

5  feet 

Days 

4 
12 
25 
42 
60 
82 

2 
8 
16 
26 
39 
53 

3 

10 
20 
32 

45 
61 

2 
6 
13 
22 
32 
44 

Days 

16 
54 
112 
185 
270 
370 

9 

37 

78 

126 

190 

260 

13 

45 

94 

150 

205 

270 

9 

31 

65 

107 

155 

210 

Days 

5 
16 
35 
56 
82 
114 

3 

11 
24 
39 
57 
80 

4 
14 
28 
45 
63 
84 

3 
10 
20 
33 

49 

70 

Days 

24 
81 
130 
215 
300 
415 

10 

40 

84 

135 

200 

275 

15 
52 
103 
165 
225 
300 

10 

34 

68 

114 

165 

230 

Days 

3 
11 
23 
38 

55 
76 

2 
8 
16 
26 
37 
52 

3 
9 

20 
30 
42 
55 

2 

6 
13 
22 
31 

42 

Days 

16 
54 
108 
178 
255 
345 

8 

32 

67 

108 

160 

215 

14 

45 

86 

135 

185 

240 

8 
27 
54 
89 
130 
175 

Days 

16 
54 
108 
180 
255 
345 

8 

32 

68 

109 

160 

220 

13 

44 

86 

135 

185 

240 

8 

27 

56 

93 

135 

185 

Days 

69 

230 

460 

760 

1,090 

1,475 

36 
140 
290 
460 
675 
920 

58 
190 
370 
575 
785 
1,015 

36 

115 
230 
380 

545 
740 

Days 

8 
25 
49 
80 
117 
160 

4 
15 
32 
53 
80 
110 

6 
20 
40 
63 
88 
115 

4 
14 
27 
46 
66 
90 

Days 

6 
20 

41 

67 

97 

130 

3 
12 
26 
41 
60 
82 

5 
17 
33 
51 
70 
90 

3 
10 
20 
34 
48 
65 

10  feet 

15  feet 

20  feet .  . 

25  feet .  .  . 

30  feet 

1-percent   slope,    12-inch    thickness, 
and  width  of — 

5  feet .... 

10  feet .  . 

15  feet.  . 

20  feet .  . 

25  feet.  .  . 

30  feet .  .                            

2-percent  slope,  6-inch  thickness,  and 
width  of — 
5  feet .  .  . 

10  feet.  . 

15  feet 

20  feet .  . 

25  feet .  . 

30  feet .  . 

2-percent   slope,    12-inch    thickness, 
and  width  of — 
5  feet .  .  . 

10  feet . 

15  feet . 

20  feet 

25  feet 

30  feet  

This  cwresponds  to  the  rate  of  flow  for 
42-percent  dr^nage  starting  from  a  satu- 
rated condition.  Thus,  roughly,  for  infil- 
tration through  a  jornt  the  base  would  be- 
come only  58-percent  saturated  if  drainage 
were  provided  at  the  side.  For  example, 
assume  a  2-percent  slope,  #=0.5  foot,  D== 
20  feet,  and  k=l  foot  per  day.  Then  q  = 
[1x0.5(0.4  +  0.25)1/20=0.016  cubic  foot  per 
day  as  the  maximum  quantity  that  could 
be  transmitted  continuously  from  a  joint  or 
crack,  any  available  excess  being  forced  to 
run  off.  Over  an  area  of  20  x  1  foot,  this 
quantity  of  water  could  be  transmitted  ver- 
tically into  a  drained  subgrade  if  its  per- 
meability were  as  much  as  0.0008  foot  per 
day.  If  the  base  had  a  k  value  of  100  feet 
per  day,  it  could  transmit  1.6  cubic  feet  per 
day  which  would  require  a  subgrade  per- 
meability of  0.08  foot  per  day  for  continu- 
ous infiltration.  While  a  dense-graded 
base  of  low  permeability  will  not  transmit 
water  as  fast  as  an  open-graded  base,  it 
will  not  have  as  much  total  capacity  for 
water,  must  lose  much  less  water  for  a 
given  percentage  of  drainage  from  a  flooded 
condition,  and  may  make  much  less  water 
available  to  the  subgrade  by  its  lower  in- 
filtration  capacity. 

WATER  AND  STRENGTH 

The  presence  of  water  in  a  base  material 
may  decrease  its  strength  in  several  ways. 
It  reduces  the  cohesion  by  lowering  the 
capillary  forces;  it  reduces  the  friction 
by  reducing  the  effective  weight  of  the 
material  below  the  water  table;  and,  for 
quickly  applied  loads,  it  may  reduce  the 
strength  by  the  development  of  pore  pres- 
sure. 

Tests  made  on  sands  by  other  investiga- 
tors (11)  showed  the  bearing  capacity  to 
be  decreased  more  than  50  percent  due 
to  complete  submergence  as  compared  to 
dry  sand.  Capillary  saturation  gave  some- 
what less  reduction.  Under  dynamic  loads 
even  greater  loss  in  strength  was  obtained. 
The  effects  of  wetting  were  especially  no- 
ticeable for  low  initial  densities  of  the 
sand. 

Rise  of  water  table  in  the  base  also  af- 
fects the  strength  of  subgrade  by  reducing 
the  effective  pressure  on  the  subgrade. 
For  example,  if  a  12-inch  base  and  surface 
course  weighing  140  pounds  per  cubic  foot 
is  submerged,  the  effective  weight  is  re- 
duced to  140—62.4=77.6  pounds  per  cubic 
foot  and  the  effective  pressure  on  the  sub- 
grade  is  reduced  from  140  to  77.6  pounds 
per  square  foot.  According  to  figure  21, 
which  shows  the  strength  of  a  clay  at  equi- 
librium under  various  surcharges,  the  com- 
pressive strength  of  the  subgrade  may  be 
reduced  from  1.4  to  1.0  kips  per  square 
foot  by  the  submergence  of  the  base. 

The  strength  of  granular  materials  under 
quickly  applied  loads  is  greatly  affected  by 
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density,  especially  if  saturated.  This  is 
because  the  strength  depends  on  the  ef- 
fective stress,  which  is  the  total  stress 
minus  stress  on  water  or  pore  pressure, 
and  the  pore  pressure  depend  on  the  den- 
sity. Thus,  if  a  loose  saturated  granular 
material  is  distorted  by  shear  stresses,  the 
tendency  to  become  denser  causes  pore  pres- 
sure (as  shown  in  the  upper  part  of  figure 
22),  which  reduces  the  effective  normal 
stresses  and  thereby  reduces  the  strength. 
On  the  other  hand,  a  dense  material  tends 
to  expand  when  sheared  (as  shown  in  the 
lower  part  of  figure  22)  so  that  no  pore 
pressure  is  developed  and  the  total  pressure 
is  effective  in  developing  shearing  resis- 
tance through  internal  friction. 

The  fact  that  some  bases  appear  stable 
when  saturated  may  be  due  to  the  fact  that 
they  are  dense  enough  so  that  they  must  ex- 
pand to  shear  even  after  a  loss  of  density 
due  to  freezing  or  other  causes. 

For  materials  near  saturation,  freezing 
may  cause  a  decrease  in  density  due  to  the 
expansion  of  water  in  freezing,  even  with- 
out ice  lenses.  Thus,  20-percent  water  by 
volume  upon  freezing  increases  to  22  per- 
cent, causing  a  2-percent  decrease  in  den- 
sity. It  has  been  suggested  by  C.  H.  Mc- 
Donald (12)  that  materials  which  do  not 
shove  during  compaction  (displace  verti- 
cally upward  at  high  moisture  contents) 
will  be  stable  when  properly  compacted  re- 
gardless of  wet  and  freezing  conditions. 

While  high  permeabilities  may  be  obtained 
by  using  coarse  aggregates,  care  must  be 
taken  to  prevent  a  reduction  in  their  per- 
meability and  stability  by  intrusion  of 
finer  soils  to  which  they  may  be  placed  ad- 
jacent. For  instance,  if  two  layers  of  ma- 
terial are  used  to  make  up  the  test  sample 
in  the  apparatus  shown  in  figure  23,  and 
a  repetitive  load  similar  to  traffic  loading 
is  applied  by  means  of  the  motor  and  cam, 
the  finer  material  will  be  intruded  into  the 
pores  of  the  coarser  material  if  the  differ- 
ence in  size  is  too  great.  Thus,  many  maca- 
dam roads  placed  on  clay  have  failed  when 
the  clay  became  wet  and  soft,  as  indicated 
in  the  sketches  on  the  left  side  of  figure  24. 
Well-graded  aggregate  or  a  fine  aggregate 
subbase,  as  shown  on  the  right  side  of  fig- 
ure 24,  will  prevent  intrusion. 

Use  of  Filters 

Subsurface  drainage  of  soil  in  cut  slopes 
and  under  pavements  is  often  accomplished 
by  the  use  of  drain  tile  or  perforated  pipe 
placed  in  a  trench  and  covered  with  a  gran- 
ular material.  The  granular  material  is 
commonly  designated  as  the  filter.  If  the 
voids  of  the  filter  material  are  very  much 
larger  than  the  finer  grains  of  the  soil  to 
be  drained,  the  fine  soil  particles  are  likely 
to  be  washed  into  the  pipe  or  into  the  in- 
terstices of  the  filter  (left  and  center 
sketches,  fig.  25),  where  they  accumulate 
and   gradually   obstruct   the  flow. 

When  the  finer  particles  of  the  filter  ma- 
terial at  or  near  the  plane  of  contact  with 
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Figure  21. — Strength  of  clay  immersed  under  various  surcharges. 
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Figure  22. — Volume  change  with  shearing. 
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Figure  23. — Apparatus  for   repetitive   loading. 
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Figure   25. — Intrusion    of  silt   into   drains. 


PERMANENT  DRAIN 


the  soil  can  hold  back  the  coarser  particle? 
of  the  soil,  infiltration  or  clogging  will  not 
be  sufficient  to  materially  impede  the  drain- 
age. Thus,  as  shown  on  the  right  in  figure 
25,  replacing  coarse  gravel  with  sand  as 
backfill  in  drainage  trenches  in  silt  soils 
prevents  the  otherwise  inevitable  intrusion 
of  silt  into  the  gravel.     The  sand  may  be 


kept  out  of  the  pipe  by  putting  gravel 
around  open  joints  or  by  using  perforated 
pipe  with  the  perforations  down. 

Granular  filters  have  been  used  for  many 
years  in  water  filtration  and  dam  drainage. 
The  criterion  suggested  by  Terzaghi  and 
tested  and  adopted  by  the  Corps  of  Engi- 
neers  to   prevent  intrusion   in  drain   back- 


fills (10)  is  to  require  that  the  piping  ratio 
of  15-percent  size  of  filter  material  to  85- 
percent  size  of  material  to  be  drained  be 
equal  to  or  less  than  5.  For  plastic  clays 
with  sand  or  silt  partings  (extremely  thin 
seams)  the  15-percent  size  of  the  filter — 
the  size  than  which  15  percent  by  weight 
is  finer — should  be  compared  to  the  85-per- 
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Figure  26. — Specification  for  grain  size  of  material  suitable  for  filtt 


cent  size  of  the  sand  or  silt.  For  fractured 
clays  without  partings,  the  15-percent  size 
of  the  filter  need  not  be  less  than  1  milli- 
meter regardless  of  a  smaller  value  indi- 
cated by  the  piping  ratio,  because  the  co- 
hesion of  the  clay  will  withstand  the  seep- 
age forces. 

To  keep  the  filter  material  out  of  the 
pipe,  the  Corps  of  Engineers  requires  that 
the  ratio  of  85-percent  size  of  filter  to  pipe 
opening  (perforation  or  slot)  be  equal  to 
or  greater  than  2,  which  may  indicate  the 
desirability  of  two  layers  of  filter  material. 
To  insure  adequate  permeability  in  the  fil- 
ter, it  is  required  that  the  ratio  of  15-per- 
cent size  of  filter  to  15-percent  size  of  mate- 
rial to  be  drained  be  equal  to  or  greater 
than  5.  The  application  of  this  specifica- 
tion is  shown  in  figure  26.  The  Connecticut 
State  Highway  Department  uses  higher 
piping  ratios  which  increase  with  the  uni- 
formity coefficient  of  the  soil    ( 13) . 

The  exact  ratio  permissible  between  sub- 
grade,  subbase,  and  base  courses  requires 
further  study.  The  above  specification  may 
be  satisfactory  except  that  the  minimum  of 
1  millimeter  would  not  apply. 

Density  of  Base  Courses 

Besides  being  required  for  shear  strength, 
densification  of  base  courses  is  necessary 
to  minimize  traffic  consolidation  which  could 
cause  faulting  of  joints  in  rigid  pavements 


or  uneven  surfaces  in  flexible  pavements. 
It  is  a  problem,  when  using  open-graded 
materials,  to  obtain  adequate  densification 
with  available  equipment.  By  using  a 
homogeneous  test  sample  in  the  apparatus 
shown  in  figure  23,  the  densification  of  ma- 
terials under  repeated  loadings  has  been 
determined.  Table  12  shows  the  results  of 
such  a  test  on  gravel  mixtures.  The  higher 
initial  densities  and  smaller  reductions  of 
thickness  under  load  repetitions  is  one  rea- 
son for  the  use  of  dense-graded  materials 
for  base  courses.  While  the  25-percent 
admixture  gives  the  least  traffic  compaction, 
it  has  been  found  necessary  to  limit  the  per- 


centage passing  the  No.  200  sieve  to  15 
percent  and  require  a  plasticity  index  of 
not  over  6  to  prevent  softening  under  wet 
conditions. 

s  In  selecting  material  for  bases  under 
concrete  pavements,  to  prevent  pumping, 
consideration  must  be  given  to  having 
enough  fines  to  prevent  intrusion  of  the  sub- 
grade  soil  while  not  having  so  much  as  to 
cause  pumping  of  the  base  material  itself. 
While  there  is  some  difference  of  opinion 
concerning  the  need  for  and  the  measures 
of  obtaining  base  drainage,  it  is  generally 
agreed  that  thorough  compaction  is  neces- 
sary for  all  types  of  base  material. 


Table    12. — Compaction  of  gravel  mixtures  under  repetitive  loading 


Material,  and  percentage  passing 
No.  200  sieve 


Graded  gravel  passing  %  -inch  sieve: 

None  passing  No.  200 

Gravel  plus  silica  dust: 

5  percent  passing 

10  percent  passing 

15  percent  passing 

25  percent  passing 

Gravel  plus  Tuxedo  clay: 

5  percent  passing 

10  percent  passing 

15  percent  passing 

25  percent  passing 


Dry  density  after — 


Static  load, 

16  kips  per 

sq.  ft. 


Lib.  Icu.  ft. 

112 

117 
126 
130 
130 

123 
130 
130 
130 


100  repe- 
titions, 

4  kips  per 
sq.  ft. 


Lb./eu.  ft. 

114 

118 
129 
134 
135 

125 
131 
131 
130 


10,000  repe- 
titions, 
4  kips  per 
sq.  ft. 


Lb./cu.  ft. 

123 

127 
136 
141 
140 

133 
1  135 
1  132 
1  130 


Thickness 
reduction — 
static  load 

to  10,000 
repetitions 


Percent 

9.1 

7.7 
7.9 
7.9 
5.7 

7.3 


1  Density  of  material  below  piston  ;  a  small  amount  of  pumping  occurred. 
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